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STUDIES ON HEAVY METAL NUTRITION OF PINUS RADIATA D.DON
ABSTRACT
A s t u d y  was made o f  t h e  f a c t o r s  c o n t r o l l i n g  t h e  Cu, 
Zn,  Mn and Fe n u t r i t i o n  o f  s e e d l i n g s  o f  P i n u s  r a d i a t a  D.Don 
grown f o r  up t o  t h r e e  months  I n  s o l u t i o n  c u l t u r e .  The 
e f f e c t s  o f  Cu and Zn d e f i c i e n c y  on g r o w t h . a n d  some m e t a b o l i c  
p r o c e s s e s  were a l s o  c o n s i d e r e d .
L e v e l s  a t  w h i c h  Cu and Zn became i n s u f f i c i e n t  f o r  
maximum g r o w t h  b o t h  i n  s o l u t i o n  c u l t u r e  and I n t e r n a l l y  w i t h i n  
r o o t s  and s h o o t s  were e s t i m a t e d .  M a t h e m a t i c a l  r e l a t i o n s  
be tween g r o w t h  and s e e d l i n g  n u t r i e n t  c o n c e n t r a t i o n  were 
d e t e r m i n e d .  A s t u d y  o f  pH e f f e c t s  showed t h a t  s e e d l i n g  
g r o w t h  was .  p r o g r e s s l v e 1y . r e d uc e d  by c h a n g i n g  the  pH o f  t h e  
n u t r i e n t  s o l u t i o n  f ro m 4 - 7 2 - P.  r a d l a t a  seemed more pH 
s e n s i t i v e  t h a n  some o t h e r  s p e c i e s .
Heavy m e t a l s  a c c u m u l a t e d  I n  r o o t s  when p r e s e n t  i n  
t h e  e x t e r n a l  s o l u t i o n  a t  above  s u f f i c i e n c y  l e v e l s .  The 
p r o t e i n  e x t r a c t e d  f rom r o o t s  w i t h  w a t e r  and h o t  t r i - c h l o r o  
a c e t i c  a c i d  a p pe ar ed  t o  s t o r e  t h i s  e x c e s s  m e t a l .  When p l a n t s  
w i t h  e x c e s s  meta l  I n  r o o t s  were no l o n g e r  s u p p l i e d  w i t h  s u f f ­
i c i e n t  m et a l  f o r  u n i n t e r r u p t e d  g r o w t h ,  t h e  e x c e s s  me ta l  was 
r e l e a s e d  t o  s h o o t s .  I n  c o n j u n c t i o n  w i t h  t h i s  w o r k ,  s t u d i e s  
were  made o f  methods  t o  e x t r a c t  and a s s ay  p r o t e i n  and n u c l e i c  
a c i d s  f r om  P. r a d l a t a  t i s s u e .
The e f f e c t s  o f  Cu and Zn d e f i c i e n c i e s  on amino
2a c i d ,  p r o t e i n ,  s u g a r ,  p h o s p h o r u s ,  n i t r o g e n  and p h o t o s y n t h e t i c  
p i g m e n t  l e v e l s  I n  s e e d l i n g s  w e r e  e x a m i n e d  b r i e f l y  and r e l a t e d  
t o  t h e  known m e t a b o l I c  r o l e s  o f  t h e s e  s u b s t a n c e s  I n  p l a n t s .
R e p o r t s  t h a t  h e a v y  m e t a l s  c o m p e t e  f o r  u p t a k e  by 
r o o t s  w e re  n o t  s u p p o r t e d  h e r e .  O t h e r  w o r k  has o f t e n  used 
a b n o r m a l l y  h i g h  l e v e l s . o f  c o m p e t i n g  I o n s ;  t h i s  was n o t  t h e  
c a s e  I n  t h i s  s t u d y .  C u r r e n t  t h e o r i e s ,  bas e d  m a i n l y  on wo rk  
w i t h  a l k a l i  c a t i o n s ,  p r o p o s e  t h e r e  a r e  d u a l ,  a c t i v e  . i o n -  
u p t a k e  m ec ha n i s ms  w h i c h  o p e r a t e  I n  t h e  c e l l  a t  d i f f e r e n t  
e x t e r n a l  i o n  c o n c e n t r a t i o n s .  T h e r e  was l i t t l e  e v i d e n c e  h e r e  
t h a t  s i m i l a r  m e c ha n i sm s  o p e r a t e  w i t h  h e a vy  m e t a l s .  The mech­
a n i s m s  f o r  u p t a k e  o f  t h e s e ,  m e t a l s  by  r o o t s ,  a l t h o u g h  
d i f f e r e n t  f o r  e a c h  m e t a l ,  a p p e a r e d  t o  be r e l a t e d .  S i m i l a r ,  
r e l a t e d  m ec ha n i s ms  r e l e a s e d  m e t a l s  f r o m  r o o t s  t o  t h e  x y l e m  
s t r e a m .  R a t e  o f  t r a n s p o r t  o f  m e t a l s  t o  s h o o t s  was I n d e p e n d ­
e n t  o f  r a t e  o f  t r a n s p i r a t  I on*  t h i s . w a s  d i s c u s s e d  i n  r e l a t i o n  
t o  p o s s i b l e  mechan i sms  f o r  m e t a l  t r a n s p o r t  I n  t h e  x y l e m .  The 
l o n g  t e r m  n a t u r e  o f  t h e  e x p e r i m e n t s  made I n t e r p r e t a t i o n  o f  
a s p e c t s  o f  t h e s e  r e s u l t s  d i f f i c u l t . .
The c o n t r o l  o f  hea v y  m e t a l  u p t a k e  and t r a n s p o r t  by 
p l a n t  ho r mones  was s t u d i e d .  A me ch an i sm  f o r  a u x i n  c o n t r o l  o f  
Zn u p t a k e  by r o o t s  was . p r o p o s e d .  E f f e c t s  on Cu and Mn t r a n s ­
p o r t  t o  s h o o t s  w e r e  a l s o  d i s c u s s e d .
3INTRODUCTION
THE AIMS, SCOPE AND PRESENTATION OF THIS STUDY
STIMULUS FOR THE TOPIC -  HEAVY METAL NUTRITION
D e f i c i e n c i e s  o f  heavy  m e t a l s  have s e r i o u s l y  
a f f e c t e d  g r o w t h . o f  P i n u s  r a d i a t a  D.Don In  A u s t r a l i a n  f o r e s t s .  
I n  p a r t i c u l a r ,  Zn d e f i c i e n c y  has been o b s e r v e d  on sands i n  
We s t e r n  A u s t r a 1 I a . ( S m i t h  and B a y l l s s  1942) and I n  South  
A u s t r a l i a  where t w o - y e a r - o l d  p l a n t a t i o n s  a r e  now r o u t i n e l y  
s p r a y e d  w i t h  z i n c  s u l p h a t e  t o  a v o i d  t h e  d e f i c i e n c y .  The 
s t a g - h e a d e d  t r e e s  t h a t  r e s u l t  f r o m Zn d e f i c i e n c y  a r e  q u i t e  
u n s u i t a b l e  f o r  wood p r o d u c t i o n .  Cu d e f i c i e n c y  has been 
o b s e r v e d  I n  t h r e e - y e a r - o 1d P. r a d i a t a  g r o w i n g  on h i g h l y  
l e a c h e d  sands  I n  Sou th  A u s t r a l i a  ( R u l t e r  1969)  and I n  p o t  
t r i a l s  w i t h  sands f rom V i c t o r i a  ( H a l l  1 9 61 ) .  R u l t e r  o b s e r v e d  
v e r y  marked d i s t o r t i o n  and d i e - b a c k  o f  l e a d i n g  s h o o t s ,  w h i l e  
t h e  symptoms o b s e r v e d  by H a l l  I n  younger  s e e d l i n g s  were n o t  
as s e v e r e .
From a p u r e l y  p r a c t i c a l  p o i n t  c f  v i e w  t h e n ,  t h e  
heavy  me ta l  n u t r i t i o n  o f  P. r a d i a t a  I s  a w o r t h y  s u b j e c t  o f  
s t u d y ,  g i v e n  t h e  I m p o r t a n c e  o f  t h i s  s p e c i e s  t o  A u s t r a l i a n  
f o r e s t r y .
THE APPROACH OF THIS WORK TO HEAVY METAL NUTRITION
T h i s  wor k  a imed t o  examine  t h e  mechanisms w i t h i n
bt h e  p l a n t  t h a t  c o n t r o l  t h e  u p t a k e ,  t r a n s p o r t  and  u s e  o f  h e a v y  
m e t a l s  by t h e  p l a n t  o v e r  l o n g e r  t i m e  p e r i o d s  ( i . e .  s e v e r a l  
m o n t h s ) .  I t  w a s .  n o t  t h o u g h t  o f  a s  a f i e l d  s t u d y  t o  
I n v e s t i g a t e  s p e c i f i c  f i e l d  p r o b l e m s  w i t h  h e a v y  m e t a l  n u t ­
r i t i o n .  Nor was  I t  d e s i g n e d  a s  a l a b o r a t o r y  s t u d y ,  t h e  
r e s u l t s  o f  w h i c h  m i g h t  be d i r e c t l y  a p p l i c a b l e  t o  some f i e l d  
s i t u a t i o n .  R a t h e r  t h r o u g h  t h e  more  f u n d a m e n t a l  a p p r o a c h  
a d o p t e d  h e r e ,  i t  was h o p e d  t o  e x p a n d  k n o w l e d g e  o f  t h e  o v e r a l l  
p r o c e s s e s  o f  p l a n t  n u t r i t i o n .  The r e s u l t s  may a l s o ,  t h o u g h  
n o t  n e c e s s a r i l y ,  h a v e  had  some f i e l d  a p p l i c a t i o n .
The g e n e r a l  p h i l o s o p h y  o f  t h i s  work m i g h t  be  summed 
up a s  a n  a t t e m p t  t o  e x a m i n e  t h e  c o n t r o l  o f  p l a n t  n u t r i t i o n  
p r o c e s s e s  p e r  s e ,  u s i n g  P .  r a d l a t a  a s  t h e  t e s t  s p e c i e s  and  
t h e  h e a v y  m e t a l s  Cu,  Zn,  Mn and  Fe ,  w i t h  e m p h a s i s  on  t h e  
f i r s t  t w o , . a s  t h e  t e s t  I o n s .
I n  p r a c t i c a l  t e r m s ,  I t  I s  o n l y  f e a s i b l e  I n  s u c h  a 
s t u d y  t o  u s e  s e e d l i n g s .  Where c l o s e  c o n t r o l  o f  t h e  
a v a i l a b i l i t y  o f  n u t r i e n t s  t o  t h e  p l a n t  I s  r e q u i r e d ,  s o l u t i o n  
c u l t u r e s  a r e  e s s e n t i a l  b u t  f o r  t h e  mo s t  p a r t  I m p r a c t i c a l  w i t h  
l a r g e  t r e e s ,  a l t h o u g h  s u c h  s t u d i e s  h a v e  b e e n  made ( H e w i t t  
1 9 6 6 ) .  I n  t e r m s  o f  t h e  t i m e  s c a l e  o f  g r o w t h  o f  l a r g e  t r e e s ,  
I t  I s  a l s o  o n l y  p o s s i b l e  I n  a t h r e e  y e a r  s t u d y  s u c h  a s  t h i s  
t o  u s e  young  s e e d l i n g s .  An I n t e g r a t e d  s t u d y  o f  t h e  n u t r i t i o n  
o f  P .  r a d l a t a , a s  a p a r t i c u l a r  s p e c i e s ,  wou l d  h a r d l y  be 
c o m p l e t e  I f  o n l y  t h e  f i r s t  few mo n t h s  o f  t h e  l i f e  o f  t h e  t r e e  
w e r e  s t u d i e d . .  Bu t  g i v e n  t h e  o b j e c t s  o f  t h i s  wo r k ,  s t u d y  o f
s e e d l i n g  n u t r i t i o n  I s  j u s t  a s  r e l e v a n t  a s  t h a t  o f  f u l l  g r own
5t r e e s .
AREAS STUDIED AND DEVELOPMENT OF THE PROJECT
At  t h e  o u t s e t  o f  t h i s  p r o j e c t ,  two a s p e c t s  o f  h e a v y  
m e t a l  n u t r i t i o n  s eemed  o b v i o u s l y  I n  n e e d  o f  s t u d y .  F i r s t l y ,  
t o  f o l l o w  t h e  b e h a v i o u r  o f  any s p e c i e s  u n d e r  m e t a 1- s u f f i c i e n t  
a nd  - d e f i c i e n t  c o n d i t i o n s ,  I t  i s  n e c e s s a r y  t o  know a t  wha t  
p l a n t  n u t r i e n t  l e v e l s  t h a t  s p e c i e s  be c o me s  d e f i c i e n t .  D a t a  
r e l a t i n g  t o  Zn and  Cu d e f i c i e n c y  I n  P.  r a d i a t a  s ee me d  t o  be 
l a c k i n g .  S e c o n d l y ,  i t  s e e ms  t o  be  g e n e r a l l y  a c c e p t e d  i n  much 
o f  t h e  l i t e r a t u r e  t h a t  h e a v y  m e t a l s  c o m p e t e  f o r  u p t a k e  a t  t h e  
r o o t  s u r f a c e :  t h i s  s eems  f e a s l  bl  e ,  c o n s l d e r  I ng  t h e  p r o x i m i t y  
o f  t h e s e  e l e m e n t s  t o  e a c h  o t h e r  I n  t h e  p e r i o d i c  t a b l e .  
S t u d i e s  o f  t h i s  p he nomenon  i n  s e e d l i n g s  o f  P.  r a d i a t a  we r e  
a l s o  l a c k i n g .  The f i r s t  o f  t h e  f i v e  p a p e r s  t h a t  f o l l o w ,  
d e t a i l i n g  t h e  e x p e r i m e n t a l  wor k  o f  t h i s  s t u d y ,  r e p o r t s  
f i n d i n g s  on b o t h  t h e s e  . q u e s t i o n s .  F u r t h e r  s t u d ! e s  on  t h e  
c o m p e t i t i o n  f o r  u p t a k e  b e t w e e n  m e t a l s  a r e  r e p o r t e d  I n  t h e  
s e c o n d  p a p e r .
The r e s u l t s  f r o m t h e s e  s t u d i e s  e s t a b l i s h e d  s u f f ­
i c i e n c y  l e v e l s ,  f o r  u n i n t e r r u p t e d  g r o w t h  o f  P.  r a d i a t a , b o t h  
i n  t h e  n u t r i e n t  s o l u t i o n  and i n t e r n a l l y  i n  r o o t s  and  s h o o t s  
f o r  b o t h  Cu and  Zn .  L i t t l e  e v i d e n c e  was  f o u n d  t o  s u g g e s t  
t h e r e  was  c o mp e 1111 on  . f o r  u p t a k e  b e t w e e n  t h e s e  m e t a l s .  T h e s e  
l a t t e r  r e s u l t s . a r e  d i s c u s s e d  I n  r e l a t i o n  t o  c u r r e n t  t h e o r i e s  
o f  t h e  I o n  u p t a k e  . me c h a n i s ms  o f  p l a n t s  a nd  d i f f e r e n c e s  
b e t w e e n  t h e  c o n d i t i o n s  o f  t h i s . a n d  o t h e r  r e p o r t e d  s t u d i e s .
6One f a c t  t h a t  emerged  f r o m  t h e s e  f i r s t  e x p e r i m e n t s  
was t h a t  v e r y  h i g h  l e v e l s  o f  Cu,  Zn ,  Mn and Fe a c c u m u l a t e d  i n  
r o o t s  when t h e s e  e l e m e n t s  w e r e  p r e s e n t  i n  t h e  n u t r i e n t  
s o l u t i o n  a t  above  s u f f i c i e n c y  l e v e l s ^  t h e  e f f e c t  became much 
e x a g g e r a t e d  as  t h e  n u t r i e n t  l e v e l  r o s e .  T h i s  f i n d i n g  was 
f u r t h e r  p u r s u e d  as i t  a p p e a r e d  t o  d e m o n s t r a t e  e i t h e r  a 
d e f e n c e  mec han i s m o f  t h e  p l a n t ,  w h e r e b y  e x c e s s  m e t a l  f r o m  
s o l u t i o n  was s t o r e d  t o  p r e v e n t  t o x i c  l e v e l s  a c c u m u l a t i n g  I n  
t h e  p l a n t ,  o r  a s a f e t y  m ec h a n i s m ,  w h e r e b y  t h e  p l a n t  s t o r e d  
e x c e s s  m e t a l  a g a i n s t  t i m e s  o f  n u t r i e n t  d e f i c i e n c y .  A t t e m p t s  
w e r e  made t o  d e t e r m i n e  t h e  c h e m i c a l  f r a c t i o n s  o f  t h e  r o o t s  
and s h o o t s  w i t h  w h i c h  t h e s e  m e t a l s  we r e  a s s o c i a t e d ,  i n  wh a t  
r o o t  t i s s u e s  t h e  e x c e s s  m e t a l  was s t o r e d ,  and  w h e t h e r  o r  n o t  
t h e  s t o r e d  m e t a l  ^ a s  r e ] e a s e d  t o  s h o o t s  when t h e  s e e d l i n g  
r e c e i v e d  a s u b - s u f f i c i e n t  m e t a l  s u p p l y .  S u b s t a n t i a l  r e s u l t s ,  
r e p o r t e d  I n  t h e  s e c o n d  and  f o u r t h  p a p e r s ,  we re  o b t a i n e d  w h i c h  
g av e  i n f o r m a t i o n  on t h e s e  q u e s t i o n s  and s u g g e s t e d  some 
f u r t h e r  a v e n u e s  f o r  r e s e a r c h .  . I n  p u r s u i n g  t h i s  w o r k ,  
p r o b l e m s  we re  e n c o u n t e r e d  w i t h  t h e  e x t r a c t i o n  and a s s a y  o f  
p r o t e i n  and n u c l e i c  a c i d s  f r o m  P.  r a d i a t a  t i s s u e .  The t h i r d  
p a p e r  p r e s e n t s  a l a r g e l y  t e c h n i c a l  r e p o r t  o f  t h e s e  p r o b l e m s  
and t h e  t e c h n i q u e s  d e v e l o p e d  t o  o v e r c o m e  t hem.
As a s e c o n d a r y  a i m  I n  t h e  w o r k  r e p o r t e d  i n  b o t h  t h e  
f o u r t h  and f i f t h  p a p e r s ,  d a t a  w e r e  a c c u m u l a t e d  w h i c h  gave  
i n f o r m a t i o n  on  t h e  m e t a l  u p t a k e  and t r a n s p o r t  m ec ha n i s ms  o f  
t h e  p l a n t .
A t  t h i s  s t a g e ,  t o w a r d s  t h e  end o f  t h e  t i m e
7a v a i l a b l e  f o r  t h i s  w o r k ,  one a s p e c t  w h i c h  seemed o v e r l o o k e d  
was s t u d y  o f  t h e  f a c t o r s  w h i c h  I n t e g r a t e  t h e  m ec ha n i s ms  by 
w h i c h  h e a v y  m e t a l s  a r e  a b s o r b e d  by  p l a n t s  and d i s t r i b u t e d  t o  
t h e  v a r i o u s  m e r l s t e m s .  A c o m p l e t e l y  new l i n e  o f  r e s e a r c h  was 
a d o p t e d  and p r e l i m i n a r y  e v i d e n c e  f o r  c o n t r o l  o f  p l a n t  n u t ­
r i t i o n  by p l a n t  ho rmones  was o b t a i n e d .  . T h e s e  r e s u l t s  a r e  
d i s c u s s e d  I n  t h e  f i f t h  p a p e r .  A h y p o t h e s i s  I s  p r o p o s e d  f o r  
c o n t r o l  o f  Zn n u t r l t l o . n  by  a u x i n ;  e f f e c t s  on  Cu and l i n  n u t ­
r i t i o n  by  p l a n t  h o r mones  w e r e  a l s o  o b s e r v e d .
PRESENTATION OF RESULTS AND CONCLUSIONS
As d i s c u s s e d  a b o v e ,  t h e  r e s u l t s  o f  t h e  e x p e r i m e n t a l  
w o r k  h e r e  a r e  p r e s e n t e d  as  f i v e  c o m p l e t e  and s e p a r a t e  p a p e r s .  
Each  was de 1 I b e r a t e  1y d e s i g n e d  t o  be q u i t e  I n d e p e n d e n t  o f  t h e  
o t h e r s  e x c e p t  w h e r e  t h e y  o v e r l a p p e d  I n  e x p e r i m e n t a l  t e c h ­
n i q u e s  o r  t h e  w o r k  o f  a l a t e r  p a p e r  was d i r e c t l y  s t i m u l a t e d  
by  t h e  r e s u l t s . o f  an e a r l i e r  o n e .  The r e s u l t s  o f  e a c h  p a p e r  
a r e  g e n e r a l l y  . d i s c u s s e d  w i t h i n  t h e  r e s t r i c t e d  f r a me  o f  r e f ­
e r e n c e  o f  t h a t  p a p e r ,  n o t  n e c e s s a r i l y  a g r e e i n g  w i t h  t h e  
r e s u l t s  o f  q a r 1 i e r  p a p e r s  and n o t  n e c e s s a r i l y  e x p a n d e d  t o  t h e  
b r o a d e r  a r e a s  o f  t h e  t o p i c .  The p a p e r s  w e r e  w r i t t e n ,  and a r e  
p r e s e n t e d ,  I n  c h r o n o l o g i c a l  o r d e r .  Some e x p e r i m e n t a l  wo rk  
w h i c h  was n o t  s u c c e s s f u l ,  n o r  w o r t h y  o f  p r e s e n t a t i o n  as  a 
c o m p l e t e  p a p e r ,  I s  n o t  d i s c u s s e d  t i l l  t h e  c o n c l u d i n g  p a p e r .
The w o r k  c o n c l u d e s  w i t h  a p a p e r  w h i c h  a i m s  n o t  
m e r e l y  t o  s u m m a r i s e  a l l  t h e  d e t a i l s  o f  t h e  e x p e r i m e n t a l  w o r k ;  
t h e s e  a r e  d i s c u s s e d  I n  t h e  I n d i v i d u a l  p a p e r s .  R a t h e r ,  i t
8a t t e m p t s  t o  p r e s e n t  an I n t e g r a t e d  v i e w  o f  t h e  p r e s e n t  
t h e o r i e s  c o n c e r n i n g  t h e  c o n t r o l  o f  p l a n t  n u t r i t i o n  by  p l a n t  
p r o c e s s e s  and t o  r e l a t e  t h e  r e s u l t s  o b t a i n e d  I n  t h i s  w o r k  t o  
t h e s e  t h e o r i e s  w h e r e  a p p r o p r i a t e .
PAPER 1
GROWTH AND HEAVY METAL NUTRITION OF SEEDLINGS OF 
PINUS RADIATA D.DON WITH PARTICULAR REFERENCE TO
ZINC AND COPPER
ABSTRACT
Seedlings of P. radiata were grown in solution 
culture for about 20 weeks. . In one experiment Zn or Cu was 
varied from deficient to sufficient levels; In a second, pH, 
Zn and Cu levels were.varied. Seedling weights, N, P, Cu, 
Zn, Mn and Fe levels in shoots and roots and photosynthetic 
pigments in shoots were assayed. The relation between weight 
of shoot or root and Cu or Zn concentration in shoot or root 
was part of a sigmoid curve. Root growth required higher Cu 
levels than shoot growth, while Zn requirements for both were 
similar when metal concentrations were expressed relative to 
tissue water content. Little competition between metals for 
uptake by roots was. observed contrary to other results 
reported In the .literature. When in adequate supply the 
metals accumulated In the root, suggesting this was a storage 
site for excess metai. ..Increasing the pH of the nutrient 
solution from h~7 reduced growth, uptake of metals and HP04= 
and levels of photosynthetic pigments.
INTRODUCTION
Zn and  Cu a r e  e s s e n t i a l  m l c r o n u t r I e n t s  r e q u i r e d  f o r  
g r o w t h  o f  mos t  p l a n t s .  Much w o r k  has been  done t o  d e t e r m i n e  
l e v e l s  o f  Zn and Cu n e c e s s a r y  f o r  u n i m p a i r e d  p l a n t  g r o w t h  
( H e w i t t  1966 ,  T h o r n e  1957)  b u t  k n o w l e d g e  o f  s p e c i f i c  
r e q u i r e m e n t s  f o r  r o o t  and s h o o t  g r o w t h  o f  P,  r a d i a t a  i s  
l a c k i n g .
S h o o t  g r o w t h  r e l i e s  on  s u p p l y  o f  n u t r i e n t s  by  t h e  
r o o t s ,  so f a c t o r s  a f f e c t i n g  u p t a k e  o f  m e t a l s  by  r o o t s  may be 
i m p o r t a n t  I n  d e t e r m i n i n g  s u b s e q u e n t  s u p p l y  t o  s h o o t s .  I n  
t h i s  r e g a r d ,  c h a n g e s  I n  H + c o n c e n t r a t i o n  i n  t h e  n u t r i e n t  
medium may be i m p o r t a n t  ( R o b e r t s o n  1 9 5 8 ) *  The c o n c e n t r a t i o n  
o f  o t h e r  i o n s  may a l s o  a f f e c t  u p t a k e  o f  a p a r t i c u l a r  i on»  Zn 
and Cu h a v e  been  shown t o  c o m p e t e  f o r  r o o t  u p t a k e  b o t h  w i t h  
e ac h  o t h e r  and w i t h  o t h e r  m e t a l s  ( S m i t h  1 9 6 2 ) .
The e x p e r i m e n t s  d e s c r i b e d  h e r e  w e re  d e s i g n e d  t o  
e x a m i n e  t h e  e f f e c t s  o f  c h a n g i n g  Zn and Cu s u p p l y  on g r o w t h  
and n u t r i e n t  s t a t u s  o f  r o o t s  and  s h o o t s  o f  P.  r a d i a t a  s e e d ­
l i n g s .  Some f a c t o r s  a f f e c t i n g  u p t a k e  o f  Cu,  Zn ,  Mn and Fe by 
r o o t s  w e r e  e x a m i n e d  and s u p p l y  o f  m e t a l s  t o  s h o o t s  by r o o t s  
was d i s c u s s e d .  A t t e m p t s  w e r e  made t o  r e l a t e  t h e  . r e s u l t s  t o  
t h e  known p h y s i o l o g y  o f  t h e s e  m e t a l s  I n  p l a n t s .
MATERIALS AND METHODS
E x p e r i m e n t a l
E f f e c t s  o f  Zn and Cu l e v e l s
P. r a d l a t a  s e e d s  f r o m  o n e  p o l y - c r o s s e d  m o t h e r  c l o n e  
w e r e  sown I n  c o a r s e  sand  and  w a t e r e d  f r o m  t h e  t a p .  E i g h t  
weeks  a f t e r  s o w i n g ,  s e e d l i n g s  we r e  t r a n s f e r r e d  t o  51 p l a s t i c  
p o t s .  T w e n t y  s e e d l i n g s  p e r  p o t  w e r e  s u p p o r t e d  w i t h  f oam 
r u b b e r  I n  h o l e s . I n  t h e  l i d .
N u t r i e n t  s o l u t i o n s  w e r e  n o t  a e r a t e d .  They 
c o n t a i n e d *  C a ( N 0 3 ) 2 1.05mM,  MgS04 1 . 02mM, K 2HP04 0 . 5 1 mM,
FeEDTA 86/ jM, H3ß 0 3 46yuM, MnC l 2 9 .  lyuM, Co (NQ3) 2 0 .1 7 /uM, NaMoü4 
0 .1 0 / jM. A l l  m a c r o n u t r i e n t s  we re  f r e e d  o f  t r a c e s  o f  Zn and Cu 
by c o - p r e c i p I  t a t i o n  w i t h  Mg ( 0H) 2 (M unns and J o h n s o n  1 9 6 0 ) .  
S o l u t i o n s  w e r e  c h a n g e d  w e e k l y .  pH was i n i t i a l l y  a d j u s t e d  t o  
pH 4 w i t h  d i l u t e  HC 1. G l a s s  d i s t i l l e d  w a t e r  was used  
t h r o u g h o u t .  S e e d l i n g s  w e re  g r o w n  i n  a g l a s s h o u s e  w i t h  an
o
o v e r a l l  t e m p e r a t u r e  r a n g e  2 0 - 3 5  C. A d d i t i o n a l  l i g h t  was 
p r o v i d e d  w i t h  f l u o r e s c e n t  t u b e s  t o  g i v e  I 8 h r  d a y s .
The e x p e r i m e n t  w a s .  d i v i d e d  i n t o  a Zn ano Cu 
s e c t i o n .  I n  t h e  Zn s e c t i o n  a l l  p o t s  r e c e i v e d  O.OZppm Cu ( a s  
C u C l 2 ) . a n d  Zn ( a s  ZnS04 ) a t  0,  0 . 0 0 5 ,  0 . 0 1 ,  0 . 0 5 ,  0 . 1 ,  0 . 5  o r  
1 . Oppm. I n  t h e  Cu s e c t i o n ,  a l l  p o t s  r e c e i v e d  0 . 05pp m Zn and 
Cu a t  0 ,  0.  002,  0 .  005,  0 . 0 1 ,  0.  05 ,  0 .1  o r  1 . 0 ppm. The e x p e r ­
i m e n t  was r e p l i c a t e d  t w i c e  g i v i n g  28 p o t s  i n  a l l .  The 
p l a s t i c  p o t s  d i d  n o t  e x c l u d e  a l l  l i g h t  and some a l g a l  g r o w t h  
o c c u r r e d  I n  t h e  s o l u t i o n s .  S e e d l i n g s  we re  h a r v e s t e d  a t  8,  12 
and 1 9 . 5  weeks  . f r o m  t h e  t i m e  o f  a p p l i c a t i o n  o f  t h e  t r e a t -
r n e n t  s . R o o t s  w e r e  c a r e f u l l y  wa s h e d  w i t h  d e i o n i s e d  w a t e r  t o
r e move  a l g a l  g r o w t h  b e f o r e  w e i g h i n g .
I n t e r a c t i o n  o f  pH, Zn and Cu
S e e d l i n g s  we r e  sown . and  t r a n s f e r r e d  t o  n u t r i e n t
s o l u t i o n s  a s  d e s c r i b e d  a b o v e .  T h r e e  t r e a t m e n t s  we r e  a p p l i e d  
2
a s  a 4 x 2 f a c t o r i a l  w i t h  two r e p l i c a t e s  In r a n d o m i z e d  
b l o c k s .  The f i r s t  f a c t o r  was  pH w h i c h  was  a d j u s t e d  a t  t h e  
w e e k l y  c h a n g e  o f  n u t r i e n t  s o l u t i o n s  a n d  h a l f - w a y  t h r o u g h  e a c h  
we e k .  L e v e l s  . w e r e  pH b , 5 , 6  a n d  7 .  B e t w e e n  a d j u s t m e n t s  pH 
r o s e  s t e a d i l y  ( F i g  1 ) .  The r e s u l t s ,  t h e r e f o r e ,  r e p r e s e n t  t h e  
e f f e c t s  o f  pH meaned  o v e r  t h e  pH c h a n g e  b e t w e e n  a d j u s t m e n t s .  
C l e a r l y  t h e s e  means  f o l l o w  t h e  s ame t r e n d  a s  t h e  . i n i t i a l  pH 
l e v e l s  ( F i g  1 ) ,  a l t h o u g h  a t  l o we r  pH l e v e l s  t h e  t e n d e n c y  t o  
r i s e  was  much g r e a t e r .  The s e c o n d  a nd  t h i r d  f a c t o r s  we r e  Zn 
a n d  Cu r e s p e c t i v e 1y a t  0 . 0 5  a n d  0 . 4 p p m f o r  Zn a nd  0 . 0 0 7  a nd  
0 . 0 7 p p m f o r  Cu.  T h e s e  we r e  c h o s e n  a s  m a r g i n a l l y  s u f f i c i e n t  
a n d  q u i t e  a d e q u a t e  l e v e l s  o f  t h e s e  e l e m e n t s  s o  t h a t ,  i f  t h e  
e l e m e n t s  c o m p e t e d  f o r  u p t a k e ,  t h e  h i g h e r  l e v e l  o f  o n e  m i g h t  
i n d u c e  d e f i c i e n c y  s ympt oms  o f  t h e  o t h e r  e v e n  when t h e  o t h e r  
was  i n  j u s t  a d e q u a t e  s u p p l y .
S e e d l i n g s  w e r e  h a r v e s t e d  a t  15 a nd  23 we e k s  a f t e r  
t h e  t r e a t m e n t s  w e r e  a p p l i e d .
M e a s u r e m e n t s
S e e d l i n g s  w e r e  d i v i d e d  I n t o  s h o o t s  and  r o o t s
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w e i g h e d  f r e s h ,  t h e n  d r i e d  o v e r n i g h t  I n  a f o r c e d  d r a u g h t  o v e n  
a t  85°C and r e w e i g h e d .
T o t a l  N and P I n  d r y  s a m p l e s  we re  d e t e r m i n e d  f r o m  
a l l  b u t  t h e  f i r s t  h a r v e s t  o f  t h e  f i r s t  e x p e r i m e n t .  The 
c o l o r i m e t r i c  m e t h o d s  o f  Fogg and W i l k i n s o n  ( 1 9 5 8 )  f o r  P and 
Anon ( 1 9 7 1 )  f o r  N w e r e  used  a f t e r  d i g e s t i o n  i n  c o n c e n t r a t e d  
H 2S04 w i t h  2 0 0 g / l  K 2S04 and l g / 1  Se ( J a c k s o n  1 9 5 8 ) .  T o t a l
Cu,  Zn ,  Mn and Fe we re  . d e t e r m l n e d  w i t h  an a t o m i c  a b s o r p t i o n  
s p e c t r o p h o t o m e f e r  a f t e r  d i g e s t i o n  i n  1 - 7 : 2 4 ,
h 2s o4 : h c i o 4 ; h n q 3 .
Time (days)
F i g  1 Change i n  pH o f  n u t r i e n t  s o l u t i o n s  o v e r  a 
f o u r  day  p e r i o d .  R e s u l t s  we re  a v e r a g e d  
o v e r  t h r e e  p o t s  and m e a s u r e d  I n  t h e  t w e l f t h  
week a f t e r  t r e a t m e n t s  w e r e  a p p l i e d .
I n  t h e  l a s t  t wo  h a r v e s t s  o f  t h e  1 i r s t  e x p e r i m e n t  
and t h e  f i r s t  h a r v e s t  o f  t h e  s e c o n d ,  p h o t o s y n t h e t i c  p i g m e n t s  
f r o m  t h e  t o p  1cm o f  s h o o t s  we re  d e t e r m i n e d  a f t e r  e x t r a c t i o n  
i n  80% a c e t o n e  ( O e l k e  and Andrew 1 9 6 6 ) .  C h 1o r o p h y 11s . a and  b 
w e re  e s t i m a t e d  f r o m  t h e  f o r m u l a e  o f  A r n o n  ( 1 9 4 9 )  and c a r o t e n e
f r o m  t h a t  o f  J a s p a r s  ( 1 9 6 5 )
A n a l y s i s  o f  r e s u l t s
R e s u l t s  f r o m  t h e  f i r s t  e x p e r i m e n t  w e r e  t r e a t e d  as  a 
7 x 3 x 2  f a c t o r i a l  f o r  v a r i a n c e  a n a l y s i s .  The f a c t o r s  we re  
Zn o r  Cu l e v e l ,  t i m e  o f  h a r v e s t  and r e p l i c a t e s .  The s e c o n d  
e x p e r i m e n t ,  w a s , a n a l y z e d  as a 4 x 2 4 f a c t o r i a l ,  t h e  f a c t o r s  
b e i n g  pH,  Zn l e v e l ,  Cu l e v e l ,  t i m e  o f  h a r v e s t  and r e p l i c a t e s .  
D a t a  f o r  s h o o t s  and r o o t s  w e r e  a n a l y z e d  s e p a r a t e l y  i n  eac h  
e x p e r i m e n t .  Some m i s s i n g  v a l u e s  o c c u r r e d  i n  t h e  d a t a  due t o  
a c c i d e n t a l  l o s s . o f  m a t e r i a l .  These  w e r e  e s t i m a t e d  by  t h e  
me thod  o f  C o c h r a n  and  Cox ( 1 9 5 7 )  and one d e g r e e  o f  f r e e d o m  
was s u b t r a c t e d  f r o m  t h e  w i t h i n  . g r o u p s  d e g r e e s  o f  f r e e d o m  f o r  
e a c h  m i s s i n g  v a l u e .
D a t a  s u c h  as t h o s e  c o l l e c t e d  h e r e  a r e  c ommo n l y  
h e t e r o s c e d a s t I c  when u n t r a n s f o r m e d .  T a b l e s  1-3 show t h e  
r e s u l t s  o f  B a r t l e t t ' s  t e s t  ( S o k a l  and R o h l f  1969)  f o r  homo-  
s c e d a s t l c l t y  f o r  s e v e r a l  a r b i t r a r i l y  s e l e c t e d  p a r a m e t e r s  
m ea su r ed  i n  t h e  s e c o n d  e x p e r i m e n t ,  b o t h  w i t h  and w i t h o u t  l o g ­
a r i t h m i c  t r a n s f o r m a t I  o n .  R e s u l t s  f o r  a l l  o t h e r  p a r a m e t e r s  
m e a s u r e d  I n  b o t h  e x p e r i m e n t s  w e r e  s i m i l a r  t o  t h o s e  shown i n  
t h e  T a b l e s .  F o r  t h e  u n t r ans  f o r m e d  d a t a ,  v a r i a n c e s  c ommon l y  
i n c r e a s e d  as means i n c r e a s e d ,  p a r t i c u l a r l y  w h e re  d i f f e r e n c e s  
b e t w e e n  means w e re  v e r y  l a r g e .  S o m e t i m e s  v a r i a n c e s  we re  
homogeneous  and a t  o t h e r  t i m e s  n o t .  B u t  when t h e  d a t a  we re  
t r a n s f o r m e d .  t o  l o g a r i t h m s ,  v a r i a n c e s  became homogeneous  
w h e t h e r  t h e y  w e r e  homogeneous  o r  n o t  i n  t h e  u n t r a n s f o r m e d
15
T a b l e  1 R e s u l t s  o f  B a r t l e t t ' s  t e s t  f o r  h o m o g e n e i t y  o f  v a r i a n c e  
f o r  s e l e c t e d  p a r a m e t e r s  f r o m  t h e  s e c on d  e x p e r i m e n t  b o t h  w i t h  
and w i t h o u t  l o g a r i t h m i c  t r a n s f o r m a t i o n s .  The r e s u l t s  show 
t h e  m a i n  e f f e c t  o f  pH. Means ( x )  and v a r i a n c e s  ( S 2 ) f o r  
ea ch  p a r a m e t e r  a r e  shown,  t o g e t h e r  w i t h  t h e  l e v e l  o f  s i g n i f ­
i c a n c e  ( p < )  o f  t h e  t e s t s  f o r  h e t e r o s c e d a s t i c i t y . Oven
d r y  w e i g h t  (ODW) m e a s u r e d  i n  g ,  m e t a l  c o n c e n t r a t i o n s  (Cone )  
i n  ppm r e l a t i v e  t o  ODW, a m o u n t s  ( W t )  o f  m e t a l s  as  / j g  m e t a l  
p e r  s e e d l i n g .  S t s  = S h o o t s ,  R t s  = R o o t s .
pH
U n t r a n s f o r m e d _ o g a r i t h m i c t r a n s f o r m a t i o n
4 5 6 7 P< 4 5 6 7 P<
ODW X 1 • 6 1 . 3 1 . 0 0 . 7 . 2 8 . 1 4 - . 0 7 -?. 4 5
2
S t s S . 6 7 . 3 6 . 2 3  . . 0 8 .  0 0 5 . 3 8 . 2 3 .  2 2 .  1 5 NS
ODW X
9
. 3 9 . 3 7 . 2 9 . 2 5 - 1 . 0 - 1 . 1 - 1 . 3 - 1 . 5
R t s s . 0 3 . 0 2 . . 0 1 . 0 1 NS . 1 8 . 1 2 .  15 . 3 2 NS
Cone Zn X 3 2 . 2 6 . 21  . 1 8 . 3 . 3 3 .  1 2 . 9 2 . 7
2
S t s S * 3 . 3 1 . 8 1 . 5 1 . 0 NS . 3 0 . 2 8 . 4 9 . 3 9 NS
Wt Zn X 4 2 .  . 3 3 . 21  . 1 2 . 3 . 6 3 . 3 2 .  8 2 . 3
2
S t s S * 5 . 3 3 . 3 2 . 5 . 7 .  001 . 2 9 . 3 2 .  55 . 5 2 NS
Cone Zn X 6 3 . 5 9 . •4 0 . 3 0 . 3 . 9 4 . 0 3 . 6 3 . 3
2
R t s S * 1 8 . 9 . - 3 . 2 . .  0 0 5 . 4 1 . 3 0 . 1 8 . 2 6 NS
Wt Zn X
9
21  . 2 1 . - 1 3 . 7 . - 2 . 9 2 . 9 2 . 3 1 . 8
R t s s * - . 9 1 . 6 . 7 • 2  . *  0 0 5 . .  2 4 . 4 1 . 4 9 - . 3 2 NS
Cone Mn X * 1 . 3 . 1 . 4  .. 1 . 8  . ,1 . 1 - 4 . 8 4 . 8 5 .  1 4 . 5
2
S t s S * 2 0 . 2 8 . 5 6 . 3 8 . NS - . 1 3 . 1 7 . 2 6 . 2 9 NS
Wt Mn X
9
* 1 . 8 1 . 5 .3 . 7  - 0 . 7 5 .  1 5 . 0 5 . 0 4 .  1
. S t s S * 2 8 . 2 0 . 8 3 .  . 1 2 .  . .  0 0 5 .  1 1 . 0 8 .  2 2 - . 2 3 NS
Cone Mn X * 2 . 5 . 4 . 6 . 6 . 4 5 . 2 5 . 5 6 .  1 6 . 4 6 . 2
2
R t s S * 7 0 . 3 3 6 . 5 3 6 . 2 2 7 . . 0 1 - . 0 9 . 1 7 . 1 7 . . 0 8 NS
Wt Mn X * 3 . 0 1 . 7 1 . 8 . ,1 . 3  - 4 . 5 5 . 0 5 .  1 4 . 7
2
R t s S * 61  . 7 3 . 7 2 . 5 9 . NS . 3 2 . 2 6 . 2 1 . 4 1 NS
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T a b l e  3 D a t a  s i m i l a r  t o  t h o s e  o f  T a b l e s  1 & 2,  b u t  f o r  
t h e  m a i n  e f f e c t  o f  t i m e  o f  h a r v e s t  ( I . e .  15 o r  23 
weeks  f r o m  t h e  t i m e  o f  e s t a b l i s h m e n t  o f  t h e  e x p e r i ­
m e n t ) .
U n t r a n s f o r m e d L o g a r i t h m i c
H a r v e s t  
( w k s ) .
15 23 P<
H a r v e s t  
( wks)
15 23 P<
0DW X 0 . 7 1 . 6 - . 4 5 . 3 9
2
S t s S . 0 4 . 3 7 . 0 0 5 . . 0 9 . 1 7 N S
0DW X . 2 5 . 3 9 . - 1 . 5 - 1 . 0
2
R t s S .01 . 0 2 . NS .21 . 1 3 NS
Cone Zn X 29 . 19. 3 . 3 2 . 8
2
S t s S * 2 . 3 1 . 3 NS . 2 6 . 4 2 NS
Wt Zn X 20. 3 3 . 2 . 8 3 . 2
2
S t s S * 1 . 4 5 . 9 . 0 0 5 . 4 0 • 86 . 0 5
Cone Zn X 5 ) . . 4 5 . 3 . 8 3 . 6
2
R t s S * 1 2. 7 . NS . 3 8 . 3 2 NS
Wt Zn X 13. 18. 2 . 3 2 . 7
2
R t s S * 0 . 9 1 . 4 . NS . 6 3 . 4 7 N S
Cone Mn X it 1 . 8 1 . 0 5.  1 4 . 5
2
S t s S it 29. 2 0 . NS . 1 1 . 16 N S
Wt Mn X it 1 . 2 1 . 6 4 . 7 4 . 9
2
S t s S it 20. 8 1 . ... 005. . 2 3 . 4 2 N S
Cone Mn X it 4 . 9 4 . 5 6.  1 6.  0
2
R t s S it it 4 2 . 5 4 . NS . 2 0 . 2 7 NS
Wt Mn X it 1 . 2 1 . 7 4 . 6 5 . 0
2
R t s S it it 3 . 10 . . 0 0 5 . 2 9 . 3 5 N S
*  M u l t i p l y  f i g u r e s  I n  u n t r a n s f o r m e d  c o l u m n s  by 100 o r  
* *  by  1000
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d a t a .  F u r t h e r  t e s t s  showed t h a t  t h e  e r r o r  v a r i a t e s  i n  eac h  
s a m p l e  w e r e  .norma 11y d i s t r i b u t e d  a f t e r  t h e  l o g a r i t h m i c  t r a n s ­
f o r m a t i o n ,  w h e r e a s  t h e y  w e r e  s o m e t i m e s  skewed  b e f o r e  t r a n s ­
f o r m a t i o n .  The l o g a r i t h m i c  t r a n s f o r m a t i o n  was used f o r  a l l  
t h e  a n a l y s e s  o f  v a r i a n c e  o f  d a t a  f r o m  b o t h  e x p e r i m e n t s .
The r e s u l t s  o f  t h e s e  a n a l y s e s  ( T a b l e s  4 - 7 )  e r e  
r e p o r t e d  as means b a c k - t r a n s f o r m e d  f r o m  t h e  l o g a r i t h m i c  
means .  Where s e v e r a l  means w e r e  t o  be c o m p ar e d  a f t e r  a . s i g ­
n i f i c a n t  r e s u l t  I n  v a r i a n c e  a n a l y s i s ,  t h e  l e a s t  s i g n i f i c a n t  
d i f f e r e n c e  t e s t  ( I . e .  a t  t e s t )  was used  ( S o k a l  and R o h l f  
1 9 6 9 ) .  T h i s  p r o c e d u r e  I s  t h e o r e t i c a l l y  i n a c c u r a t e  when more 
t h a n  t wo  means a r e  b e i n g  t e s t e d  and  a m u l t i p l e  r a n g e  t e s t  i s  
o f t e n  p r e f e r r e d .  B u t  t h e  s i m p l e r  t  t e s t  showed t h e  t r e n d s  i n  
t h e  r e s u l t s  f r o m  t h e  e x p e r i m e n t s  q u i t e  s a t i s f a c t o r i l y .  
B e c au se  t h e  means r e p o r t e d  I n  T a b l e s  4 - 7  we re  b a c k -  
t r a n s f o r m e d  f r o m  l o g a r i t h m s ,  t h e  a c t u a l  v a l u e s  o f  t h e  l e a s t  
s i g n i f i c a n t  d i f f e r e n c e s  a r e  n o t  shown ,  . f o r  t h e s e  t o o  we re  
c a l c u l a t e d  as l o g a r i t h m s  and  t h e i r  b a c k - t r a n s f o r m a t  I o r.s  a r e  
n o t  d i r e c t l y  c o m p a r a b l e  w i t h  t h e  b a c k - t r a n s f o r m e d  means.  
I n s t e a d ,  means w h i c h  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  ( a l l  t e s t s  
w e r e  d on e  w i t h  a 95% c o n f i d e n c e  l i m i t )  a r e  s u p e r s c r i p t e d  w i t h  
t h e  same l e t t e r .  I n  v a r i a n c e  a n a l y s e s  F t e s t s  s i g n i f i c a n t  
w i t h  a p r o b a b i l i t y  g r e a t e r  t h a n  95% we re  c o n s i d e r e d  t o  
r e p r e s e n t  r e a l  e f f e c t s  o f  t r e a t m e n t s .
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RESULTS
D e f i c i e n c y  symptoms
A b o u t  o n e  month  a f t e r  i n i t i a l  a p p l i c a t i o n  o f  t r e a t ­
m e n t s ,  s e e d l i n g s  r e c e i v i n g  v e r y  l ow l e v e l s  o f  Zn p r o d u c e d  
s h o r t ,  t h i c k  n e e d l e s . a t  t h e  g r o w i n g  t i p  g i v i n g  a f l a t - t o p p e d  
a p p e a r a n c e .  N e e d l e s  when f u l l y  . d e v e l o p e d  w e r e  o n l y  l - 2 c m  
l o n g  c om p a r e d  w i t h  3-5cra i n  n o r m a l  p l a n t s .  R o o t s  showed no 
g r o s s  m o r p h o l o g i c a l  e f f e c t s  o f  Zn d e f i c i e n c y .
Cu d e f i c i e n c y  d i d  n o t  p r o d u c e  ma r ke d  symptoms  a p a r t  
f r o m  an o b v i o u s  r e d u c t i o n  I n  g r o w t h  r a t e  a b o u t  6 - b  weeks  
a f t e r  t r e a t m e n t s  w e r e  .app 1 i ed. .
B o t h  Zn and Cu d e f i c i e n t  s e e d l i n g s  a r e  shown i n  t h e  
F r o n t p i e c e  t o  t h i s  t h e s i s .
E f f e c t s  o f  Zn ,  Cu and  pH on  g r o w t h  .
S i g n i f i c a n t  e f f e c t s  o f  Zn and  Cu l e v e l s  o f  t h e  n u t ­
r i e n t  s o l u t i o n  on  s h o o t  g r o w t h ,  w e r e  o b s e r v e d  o n l y  a t  t h e  
t h i r d  h a r v e s t  o f  t h e  f i r s t  e x p e r i m e n t .  Maximum s h o o t  g r o w t h  
o c c u r r e d  w i t h  a b o u t  0 . 05pp m o r  more  Cu ( T a b l e  4 )  o r  Zn 
( T a b l e  5)  I n  t h e  e x t e r n a l  s o l u t i o n .  S i m i l a r  t r e n d s  we re  
o b s e r v e d  I n  r o o t  g r o w t h  . a t  t h i s  h a r v e s t  b u t  t h e  d i f f e r e n c e s  
w e r e  n o t  l a r g e  eno ugh  t o  be s i g n i f i c a n t  ( T a b l e s  4 , 5 ) .
I n  t h e  s e c o n d  e x p e r i m e n t ,  Zn w a s . s u p p l i e d  a t  j u s t  
a d e q u a t e  ( 0 . 0 5 p p m )  o r  a b o v e  a d e q u a t e  ( 0 . 4 p p m )  l e v e l s  and so 
Zn l e v e l  d i d  n o t  s I g n i f I  c a n t  1y a f f e c t  r o o t  o r  s h o o t g r o w t h
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e v e n  by t h e  t i m e  o f  t h e  s e c o n d  h a r v e s t  ( T a b l e  7 ) .  Cu was 
s u p p l i e d  a t  b e l o w  a d e q u a t e  ( 0 . 0 0 7 p p m )  o r  abo ve  a d e q u a t e  
( 0 . 0 7 p p m )  l e v e l s :  by t h e  t i m e  o f  t h e  s e c o n d  h a r v e s t ,  s h o o t  
g r o w t h  was r e d u c e d  w i t h  I n a d e q u a t e  Cu b u t  t h e  e f f e c t  on  r o o t  
g r o w t h  was n o t  l a r g e  eno u gh  t o  be s i g n i f i c a n t  ( T a b l e  7 ) .
To d e t e r m i n e .  I f  r o o t s  and  s h o o t s  d i f f e r e d  I n  t h e i r  
g r o w t h  r e s p o n s e  t o  m e t a l  d e f i c i e n c y  ( b e c a u s e  o f  d i f f e r i n g  
p h y s i o l o g i c a l  d e m a n d s ) ,  m a t h e m a t i c a l  m o d e l s  we re  d e v e l o p e d ,  
f r o m  t h e  d a t a  o f  t h e  f i r s t  e x p e r i m e n t ,  t o  r e l a t e  g r o w t h  t o  
I n t e r n a l  p l a n t  n u t r I e n t  . c o n c e n t r a t i o n .
P l o t s  o f  g r o w t h  a g a i n s t  d r y  w e i g h t  c o n c e n t r a t i o n  o f  
Zn o r  Cu a t  t h e  t h i r d  h a r v e s t  ( F i g s  2 , 3 )  s u g g e s t e d  t h a t  t h e  
r e l a t i o n  I n  b o t h  r o o t s  and s h o o t s  was a t  l e a s t  p a r t  o f  a 
s i g m o i d  c u r v e ,  . R i c k l e f s  ( 1 9 6 7 )  d i s c u s s e s  a me th o d  t o  
d e t e r m i n e  I f  d a t a  a p p r o x i m a t e ,  t o  one  o f  t h r e e  p o s s i b l e  
s i g m o i d  c u r v e s ,  t h e  l o g i s t i c ,  G o mp e r t z  o r  v o n  ß e r t a l a n f f y  
c u r v e s  w h i c h  a l l  d i f f e r  somewhat  i n  s h a p e .  T h i s  me thod  
d e t e r m i n e s  ' t h e  e q u a t i o n  o f  t h e  t a n g e n t  t o  t h e  c u r v e  a t  i t s  
i n f l e c t i o n  p o i n t :  t h e  s l o p e  o f  t h i s  l i n e  I s ,  by  c o n v e n t i o n ,  
t a k e n  as a r a t e  c o n s t a n t  f o r  t h e  c u r v e .  S t a t i s t i c s  t o  
d e t e r m i n e  t h e  e q u a t i o n  o f  t h e  c u r v e  a r e  c a l c u l a t e d  a t  t h e  
same t i m e .  U s i n g  t h i s  m e t h o d ,  I t  was a p p a r e n t  t h a t  t h e  d a t a  
h e r e  c o u l d  b e s t  be e x p l a i n e d  by  t h e  l o g i s t i c  c u r v e .  The 
e q u a t i o n  Qf  t h i s  c u r v e  i s  g i v e n  b y :
y = 1 / ( 1  + be " kx )
w h e r e  y i s  a d e p e n d e n t  and  x an I n d e p e n d e n t  v a r i a b l e  and b 
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F i g  2 ( U p p e r )  and F i g  3 ( L o w e r ) .  W e i g h t  ( g  p e r  s e e d l i n g )  o f  
s h o o t s  and r o o t s  o f  s e e d l i n g s  f r o m  t h e  f i r s t  e x p e r i m e n t  
a t  1 9 . 5  weeks  f r o m  t h e  t i m e  o f  a p p l i c a t i o n  o f  t h e  
t r e a t m e n t s .  W e i g h t  i s  e x p r e s s e d  as  a f u n c t i o n  o f  
I n t e r n a l  s h o o t  o r  r o o t  Cu ( F i g  2)  o r  Zn ( F i g  3)
c o n c e n t r a t i o n  (ppm r e l a t i v e  t o  o v e n  d r y  w e i g h t ) .
E q u a t i o n s  o f  t h e  c u r v e s ,  s i g n i f i c a n c e  l e v e l s  o f  t h e  
e q u a t i o n s  and r a t e  c o n s t a n t s  o f  t h e  c u r v e s  a r e  a l s o  
shown.
23
t y p e .
The e q u a t i o n  o f  t h e  1 e a s t - s q u a r e s  c u r v e s  f i t t e d  t o  
t h e  d a t a  o f  F i g s  2 and 3 by  R i c k l e f ' s  me thod  a r e  shown on  t h e  
F i g u r e s .  The v a l u e s  o f  t h e  r a t e  c o n s t a n t ,  K,  and t h e  l e v e l  
o f  s t a t i s t i c a l  s i g n i f i c a n c e  o f  t h e  e q u a t i o n s  a r e  a l s o  shown.  
C l e a r l y ,  t h e  r a t e  c o n s t a n t s  f o r  t h e  c u r v e s  f o r  s h o o t s  f a r  
e x c e e d e d  t h o s e  f o r  r o o t s .  The i n f l e c t i o n  p o i n t s  f o r  a l l  
t h e s e  c u r v e s  o c c u r r e d  s l i g h t l y  t o  t h e  l e f t  o f  t h e  Y - a x i s .  
The Cu c o n c e n t r a t i o n ,  r e l a t i v e  t o  d r y  w e i g h t ,  f o r  maximum 
s h o o t  g r o w t h  was , a b o u t  6ppm and f o r  r o o t s  a b o u t  20ppm.  
Maximum s h o o t  g r o w t h -  o c c u r e d  w i t h  30ppm Zn and r o o t  g r o w t h  
w I t h  7 Oppm.
Asymptote
^ In flec tio n  point
(At half of asymptote)
Tangent
F i g  b A , t y p i c a l  l o g i s t i c  s i g m o i d  c u r v e .  Fo r  t h i s  
c u r v e i
y = ] / (  1 + e~-5*)  K = . 5
The c u r v e  a p p r o a c h e s  t h e  a s y m p t o t e  shown as  
x becomes l a r g e .  The t a n g e n t  t o  t h e  c u r v e  
a t  t h e  i n f l e c t i o n  p o i n t  i s  a l s o  shown.
I n  p h y s i o l o g i c a l  t e r m s t h e s e  m o d e l s seem
u n s a t l s f a c t o r y  f o r  t w o  r e a s o n s .  F i r s t l y ,  when a b s o l u t e  
v a l u e s  o f  r o o t  and s h o o t  g r o w t h  w e re  p l o t t e d  a g a i n s t  t i m e ,  i t  
was f o u n d  t h a t  o v e r  any  t i m e  p e r i o d  a b s o l u t e  g r o w t h  r a t e  o f  
r o o t s  was l e s s  t h a n  a b s o l u t e  g r o w t h  r a t e  o f  s h o o t s .  Ov e r  any  
t i m e  p e r i o d  t h e n ,  t h e  a b s o l u t e  g r o w t h  r e s p o n s e  o f  r o o t s  t o  a 
g i v e n  c h a n g e  I n  n u t r i e n t  c o n c e n t r a t  I on  s h o u l d  be l e s s  t h a n  
t h e  a b s o l u t e  g r o w t h  r e s p o n s e  o f  s h o o t s ,  a s s u m i n g  r o o t  and 
s h o o t  n u t r i e n t  p h y s i o l o g i e s  a r e  s i m i l a r .  To c om pa r e  
r e s p o n s e s  o f  r o o t s  and s h o o t s  t o  d i f f e r e n t  n u t r i e n t  c o n c e n ­
t r a t i o n s ,  a t r a n s f o r m a t l o n  o f  g r o w t h  d a t a  I s  r e q u i r e d  t o  
r e d u c e  s h o o t  and r o o t  g r o w t h  r a t e s  t o  c o m p a r a b l e  b a s e s .  
F i g s  5 and 6 show t h e  g r o w t h  c u r v e s  w i t h  t i m e  o f  s h o o t s  and 
r o o t s  I n  b o t h  s e c t i o n s  o f  t h e  f i r s t  e x p e r i m e n t  meaned o v e r  
a l l  Zn o r  Cu t r e a t m e n t s  ( I . e ,  t h e  m a i n  e f f e c t  o f  t i m e  i n  v a r ­
i a n c e  a n a l y s i s )  w i t h  g r o w t h  e x p r e s s e d  as  t h e  l o g a r i t h m  o f  
a b s o l u t e  g r o w t h .  The d a t a  f o r  z e r o  t i m e  w e r e  d e r i v e d  f r o m  
o n l y  one  measurement ,  w h i c h  may e x p l a i n  t h e i r  a p p a r e n t  
d e v i a t i o n  f r o m  t h e  s t r a i g h t  l i n e s .  The r e g r e s s i o n  e q u a t i o n s  
shown w e r e  d e r i v e d  a f t e r  a t e s t  o f  t h e  n u l l  h y p o t h e s i s  t h a t  
t h e  s l o p e s  and  I n t e r c e p t s  o f  t h e  e q u a t i o n s  d i d  n o t  d i f f e r  
s i  g n i  f  i c a n t  1y .  i n  t h e  Cu s e c t i o n  o f  t h e  e x p e r i m e n t ,  t h e  b e s t  
model  e x p l a i n i n g  t h e s e  r e s u l t s  w a s . s i g n i f l c a n t  w i t h  p < , Ü Ü l ,  
e x p l a i n e d  92% o f  t h e  v a r i a n c e  i n  t h e  d a t a  and showed t h e  
s l o p e s  and i n t e r c e p t s  o f  b o t h  r e g r e s s i o n  e q u a t i o n s  d i f f e r e d  
s i  g n i  f i c a n t  1y ( p < . 0 2 5 ) .  T h a t  i s  r e l a t i v e  g r o w t h  r a t e  o f  
r o o t s  was s l i g h t l y  b e l o w  t h a t  o f  s h o o t s ;  b u t  t h e  d i f f e r e n c e  
was p r o b a b l y  n o t  l a r g e  e n o u g h  t o  a f f e c t  t h e  c o n c l u s i o n s  t h a t
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f o l l o w .  I n  t h e  Zn s e c t i o n  t h e  b e s t  model  t o  e x p l a i n  t h e  d a t a  
was s i g n i f i c a n t  w i t h  p < . 0 0 1 ,  e x p l a i n e d  92% o f  t h e  v a r i a n c e  
and showed t h e  I n t e r c e p t s  o f  t h e  t wo  l i n e s  d i f f e r e d  s i g n i f ­
i c a n t l y  ( p < . 0 0 1 )  b u t  n o t  t h e  s l o p e s .  T h a t  i s ,  r e l a t i v e  
g r o w t h  r a t e s  o f  r o o t s  and s h o o t s  w e r e  s i m i l a r .  These  r e s u l t s  
s u g g e s t  t h a t  I t  i s  d e s i r a b l e  t o  u se  r e l a t i v e  ( l o g a r i t h m i c )  
g r o w t h  r a t e s  r a t h e r  t h a n  a b s o l u t e  g r o w t h  r a t e s  t o  e n s u r e  t h a t  
any  d i f f e r e n c e s  b e t w e e n  r o o t  and s h o o o t  g r o w t h  a r e  
d i f f e r e n c e s  i n  r e s p o n s e  t o  n u t r i e n t s  n o t  d i f f e r e n c e s  i n  
a b s o l u t e  g r o w t h  r a t e .
LogeW t =» -2-280 + *U9Time
LogeW t * -3-287 + *119Time
Time (weeks)
LogeWt » -2-439 + *l320Time
Loge W t » -3*127 + *1069Time
Time (weeks)
F i g  5 ( L e f t )  and F i g  6 ( r i g h t ) .  G r o w t h . ( l o g e 
o v e n  d r y  w e i g h t  p e r  s e e d l i n g  ( g ) )  as a 
f u n c t i o n  o f  t i m e  I n  t h e  Cu s e c t i o n  ( F i g  5)  
and Zn s e c t i o n  ( F i g  6)  o f  t h e  f i r s t  e x p e r ­
i m e n t .  R e s u l t s  a r e  meaned o v e r  a l l  t r e a t ­
m en t s  ( i . e .  t h e  m a i n  e f f e c t  o f  t i m e  I s  
s h o w n ) .  The r e g r e s s i o n  e q u a t i o n s  o f  t h e  
l e a s t  s q u a r e s  l i n e s  o f  b e s t  f i t  a r e  a l s o  
shown.  .
The s e c o n d  o b j e c t i o n  t o  t h e  g r o w t h  m o d e l s  
( F i g s  2 , 3 )  i s  t h a t  c o n c e n t r a t i o n s  r e l a t i v e  t o  d r y  w e i g h t  may 
b e a r  l i t t l e  r e l a t i o n  t o  t h e  c o n c e n t r a t i o n  o f  e l e m e n t s  i n  t h e  
c y t o p l a s m  w h i c h  d e t e r m i n e s  t h e i r  b i o c h e m i c a l  a c t i v i t y .
New g r o w t h ,  m o d e l s  w e r e  e s t i m a t e d  u s i n g  l o g e d r y  
w e i g h t  and p l a n t  i n t e r n a l  c o n c e n t r a t i o n  o f  Cu o r  Zn r e l a t i v e
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t o  w a t e r  c o n t e n t  o f  s h o o t s  o r  r o o t s  ( F i g s  7 , 0 ) .  For  t h e  Cu 
s e c t i o n  ( F i g  7 ) ,  t h e  mode) w h i c h  b e s t  e x p l a i n e d  the  s t r a i g h t  
l i n e s  o b t a i n e d  by R i c k l e f ' . s  c o n v e r s i o n s  showed t h e  l i n e s  f o r  
s h o o t s  and r o o t s  had s i m i l a r  I n t e r c e p t s  and d i f f e r e n t  s l o p e s .  
T h i s  mode) was s i g n i f i c a n t  w i t h  p<.001 and d i f f e r e d  s i g n i f ­
i c a n t l y  (p<.0Q5 a t  l e a s t )  f r om  o t h e r  m o d e l s ,  e x c e p t  t h e  model  
w i t h  d i f f e r e n t  s l o p e s  and I n t e r c e p t s .  S i n c e  t h e  model  w i t h  
t h e  same i n t e r c e p t s  b u t  d i f f e r e n t  s l o p e s  I s  t h e  s i m p l e r ,  i t  
was a c c e p t e d  .as t h e  b e t t e r  mode) .  . T h i s  model  e x p l a i n e d  67% 
o f  t h e  v a r i a t i o n  I n  t h e  d a t a .  The r a t e  c o n s t a n t  f o r  s h o o t s  
exc eed ed  t h a t  f o r  r o o t s  3 . 7  t i m e s ?  t h e  Cu s u f f i c i e n c y  l e v e l  
f o r  s h o o t s  o c c u r e d  a t  a b o u t  2-2.5pp.m and f o r  r o o t s  a t  5 -6ppm.  
T h i s  s u g g e s t s  t h a t  r o o t  r e q u i r e m e n t s  f o r  Cu may exceed  s h o o t  
r e q u i r e m e n t s .
For  Zn,  ( F i g  6 ) ,  t h e  model  w i t h  d i f f e r e n t  s l o p e s  
and I n t e r c e p t s  e x p l a i n e d  77% o f  t h e  v a r i a n c e  and was s i g n i f ­
i c a n t  w i t h  p < . 0 0 5 .  M od e l s  w i t h  s l o p e s  o n l y ,  o r  i n t e r c e p t s  
o n l y ,  d i f f e r e n t  e x p l a i n e d  77% and 75% o f  t h e  v a r i a n c e  
r e s p e c t i v e l y  and d i d  n o t  d i f f e r  s I g n i f i c a n t  1y f rom t h e  model  
w i t h  b o t h  s l o p e ?  and I n t e r c e p t s  d i f f e r e n t .  A l l  t h e s e  mode l s  
e x p l a i n e d  s i g n i f i c a n t l y  more o f  t h e  v a r i a n c e  t h a n  t h e  model  
w i t h  p o o l e d  s l o p e s  and i n t e r c e p t s  b u t  o n l y  w i t h  p < . 1 0 .  T h i s  
l a s t  model  e x p l a i n e d  69% o f  t h e  v a r i a n c e  and was . s I g n i f I  c a n t  
w i t h  p < . 0 0 1 .  C l e a r l y  t h e r e  were  no m a j o r  d i f f e r e n c e s  be tween  
t h e  f o u r  mode l s  and so t h e  mode) w i t h  p o o l e d  s l o p e s  and 
i n t e r c e p t s  was . a c c e p t e d . a s  t h e  s i m p l e s t  and most  a p p r o p r i a t e .  
F i g  8 shows t h i s  model  f o r  r o o t s  and s h o o t s  t o g e t h e r  w i t h  t he  
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F i g  7 ( U p p e r )  and F i g  8 ( L o w e r ) ,  . L o g e w e i g h t  (g  per  
s e e d l i n g )  o f  s h o o t s  and r o o t s  o f  s e e d l i n g s  f ro m t h e  f i r s t  
e x p e r i m e n t ,  a t  19 .5  weeks f r om  t he  t i m e  o f  a p p l i c a t i o n  o f  
t h e  t r e a t m e n t s .  W e i gh t  I s  e x p r e s s e d  as a f u n c t i o n  o f  
i n t e r n a l  s h o o t  o r  r o o t  Cu ( F i g  2) o r  Zn ( F i g  3)  
c o n c e n t r a t i o n  (ppm r e l a t i v e  t o  w a t e r  c o n t e n t  o f
s e e d l i n g s ) .  E q u a t l o n s . o f  t h e  c u r v e s ,  s i g n i f i c a n c e  l e v e l s  
o f  t h e  e q u a t i o n s  and r a t e  c o n s t a n t s  o f  t h e  c u r v e s  a re  
a l s o  shown.  f i g  8 -------------B e s t  r e g r e s s i o n
28
t h e  s i m i l a r i t i e s  o f  t h e s e  two m o d e l s .  I t  a p p e a r s  t h a t  r o o t  
and  s h o o t  r e q u i r e m e n t s  f o r  Zn a r e  s i m i l a r  w i t h  12— 1 5 ppni Zn,  
r e l a t i v e  t o  w a t e r  c o n t e n t ,  b e i n g  s u f f i c i e n t  f o r  u n i m p a i r e d  
g r o w t h  o f  b o t h  s h o o t s  a nd  r o o t s .
I n c r e a s e d  pH s i g n i f i c a n t l y  r e d u c e d  s h o o t  a n d  r o o t  
g r o w t h ,  t h e  e f f e c t  I n c r e a s i n g  w i t h  t i m e .  3y t h e  t i m e  o f  t h e  
s e c o n d  h a r v e s t  o f  t h e  s e c o n d  e x p e r i m e n t ,  s e e d l i n g s  g r o wn  i n  
s o l u t i o n s  a b o v e  pH 5 s howe d  much r e d u c e d  g r o w t h  ( T a b l e  6 ) .
E f f e c t s  on n u t r i e n t  u p t a k e  by r o o t s  a n d  t r a n s p o r t  t o  s h o o t s  
I n t e r p r e t a t I  o n  and  p r e s e n t a t i o n  o f  r e s u l t s
When g r o w t h  o c c u r s  a t  d l f f e r e n t  r a t e s  I n  s e e d l i n g s  
w h i c h  r e c e i v e d  d l f f e r e n t  t r e a t m e n t s ,  t h e  i n t e r p r e t a t i o n  o f  
d a t a  f o r  n u t r i e n t  u p t a k e  by r o o t s  o r  t r a n s p o r t  t o  s h o o t s  
b e c o me s  v e r y  d i f f i c u l t . .  Two p a r a m e t e r s  a r e  I n v o l v e d .  
F i r s t l y ,  t h e  c o n c e n t r a t i o n  o f  t h e  n u t r i e n t  I n  t h e  s e e d l i n g  a t  
t h e  end  o f  t h e  m e a s u r e m e n t  p e r i o d  m e a s u r e s  t h e  a mo u n t  o f  n u t ­
r i e n t  t a k e n  up o r  t r a n s p o r t e d  p e r  u n i t  w e i g h t  o f  t h e  s e e d ­
l i n g .  S e c o n d l y ,  t h e  a c t u a l  w e i g h t  o f  n u t r i e n t  i n  t h e  s e e d ­
l i n g  m e a s u r e s  t h e  a v a i l a b i l i t y  o f  s i t e s  f o r  u p t a k e  a t  t h e  
r o o t  s u r f a c e  o r  r e l e a s e  t o  t h e  x y l e m .  The d i f f i c u l t y  l i e s  i n  
r e c o n c i l i n g  t h e s e  t wo p a r a m e t e r s .  T h u s ,  t h e  u p t a k e  o r  t r a n s ­
p o r t  m e c h a n i s m s  o f  a f a s t  g r o w i n g  s e e d l i n g  may n o t  be a b l e  t o  
k e e p  p a c e  w i t h  t h e  g r o w t h . r a t e «  t h e  c o n c e n t r a t i o n  o f  n u t r i e n t  
I n  t h a t  s e e d l i n g  wo u l d  t h e n  d e c l i n e  r e l a t i v e  t o  t h a t  i n  a 
s l o w e r  g r own s e e d l i n g .  Unde r  t h e s e  c i r c u m s t a n c e s ,  t h e  a c t u a l  
a mo u n t  o f  n u t r i e n t  t a k e n  up by t h e  f a s t e r  g r own  s e e d l i n g  may
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o n l y  s l i g h t l y , ,  o r  n o t  a t  a l l ,  e x c e e d  t h a t  t a k e n  up by  t h e  
s l o w e r  g r o w n  s e e d l i n g .  P h y s I o 1o g i ca 11y s p e a k i n g ,  t h i s  may 
o c c u r  i f  t h e  amoun t  o f  t e r m i n a l  r o o t  s e c t i o n ,  w h i c h  a c t u a l l y  
t a k e s  up n u t r i e n t s ,  i s  t h e  same I n  b o t h  f a s t  and s l o w  g r o wn  
s e e d l i n g s .  T h i s  i s  n o t  u n l i k e l y  i f  t i s s u e  m a t u r a t i o n  o c c u r s  
more  r a p i d l y  i n  t h e  f a s t e r  g r o wn  s e e d l i n g .  I n  t h i s  c a s e ,  t h e  
u p t a k e  r a t e  o f  b o t h  s e e d l i n g s  w o u l d  be s i m i l a r ,  a l t h o u g h  
e x a m i n a t i o n  o f  o n l y  t h e  c o n c e n t r a t i o n  d a t a  m i g h t  s u g g e s t  t h a t  
t h e  s l o w e r  g r o w n  . s e e d l i n g  had  a h i g h e r  u p t a k e  r a t e .  Under  
c o n d i t i o n s  s u ch  as t h e s e ,  t h e r e  i s  o f t e n  no u n e q u i v o c a l  
a n s w e r  as t o  w h i c h  p l a n t  does  show t h e  h i g h e r  u p t a k e  r a t e .  
A t  o t h e r  t i m e s  . t h e r e  I s .  T h u s ,  i f  a f a s t e r  g r own  s e e d l i n g  
shows a h i g h e r  c o n c e n t r a t i o n  o f  n u t r i e n t  t h a n  a s 1o we r  . g r o w n ,  
t h i s  c a n  o n l y  mean t h a t  t h e  f o r m e r  has t a k e n  up n u t r i e n t  a t  a 
much f a s t e r  r a t e  t h a n  t h e  l a t t e r .
The r e s u 1t s . o b t a I n e d  I n  t h i s . s t u d y  we re  I n t e r p r e t e d  
w i t h  t h e s e  d i f f i c u l t i e s  i n  m i n d .  The r e l e v a n t  d a t a  f o r  c o n ­
c e n t r a t i o n  o f  n u t r i e n t s  I n  r o o t s  and  s h o o t s  and a c t u a l  
w e i g h t s  o f  n u t r i e n t s  t r a n s p o r t e d  t o  s h o o t s  and r e t a i n e d  i n  
r o o t s  o f  s e e d l i n g s  w h i c h  r e c e i v e d  d i f f e r e n t  t r e a t m e n t s  a r e  
shown i n  T a b l e s  4 and 5 f o r  t h e  f i r s t  e x p e r i m e n t  and T a b l e s  6 
and 7 f o r  t h e  s e c o n d .  The v a r i a n c e  a n a l y s e s  s u g g e s t e d  t h e r e  
was l i t t l e  d i f f e r e n c e  I n  a n y  o f  t h e  e f f e c t s  o b s e r v e d  a t  
d i f f e r e n t  h a r v e s t s ,  e x c e p t  t h a t  o f t e n  t h e y  became more 
p r o n o u n c e d  a t  t h e  l a t e r  h a r v e s t s .  The d a t a  shown,  t h e r e f o r e ,  
a r e  t h o s e  f o r  t h e  f i n a l  h a r v e s t s  I n  b o t h  e x p e r i m e n t s .  As 
d i s c u s s e d  e a r l i e r  a l l  means w e r e  b a c k - t r a n s f o r m e d  f r o m  
l o g a r i t h m s .  P r o b a b i l i t y  l e v e l s  a t  w h i c h  F t e s t s  i n  v a r i a n c e
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T a b l e  4 E f f e c t s  o f  Cu t r e a t m e n t s  on o v e n  d r y  w e i g h t  (ODW) 
and c o n c e n t r a t i o n  (Cone )  and  t o t a l  a m o u n t s  ( Wt )  o f  n u t ­
r i e n t s  and p h o t o s y n t h e t i c  p i g m e n t s  i n  s e e d l i n g s  f r o m  
t h e  f i r s t  e x p e r i m e n t  a t  t h e  f i n a l  h a r v e s t  ( 1 9 . 5  weeks  
f r o m  e s t a b l  i s h r n e n t ) . R e s u l t s  a r e  rneaned o v e r  two 
r e p l i c a t e s  and a r e  b a c k - t r a n s f o r m e d  f r o m  l o g a r i t h m s  
( s e e  t e x t ) .  The s i g n i f i c a n c e  ( p < )  o f  di  f f e r e n c e s
b e t w e e n  means I n  v a r i a n c e  a n a l y s e s  i s  shown.  Means 
w h i c h  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  a f t e r  a l e a s t  s i g ­
n i f i c a n t  d i f f e r e n c e  t e s t  have  s i m i l a r  s u p e r s c r i p t s .
ODW was m e a s u r e d  I n  g ,  c o n c e n t r a t i o n s  o f  N, P and 
p i g m e n t s  as mg/g r e l a t i v e  ODW ( N f P) and f r e s h  w e i g h t  
( p i g m e n t s ) ,  c o n c e n t r a t  I o n s  o f  Cu,  Zn,  Mn and Fe as  ppm 
r e l a t i v e  t o  ODW. W e i g h t s  o f  N, P and p i g m e n t s  a r e  
g i v e n  I n  mg and Cu,  Zn ,  Mn and Fe i n  / j g  p e r  s e e d l i n g .  
S t s  -  S h o o t s  R t s  -  R o o t s .
0
C o n c e n t r a t i o n  o f  Cu 
i n  e x t e r n a l  s o l u t i o n  (ppm)
. 0 0 2  . 0 0 5  . 0 1 ,  . 0 5  . 1  1 . 0
S i g n i f  
i c a ric e
P<
ODW S t s . 5 9 1 . 0 3
ab
1 . 1 1 1 . 0 9 ab 1 . 25ab 1 . 3 7 °
ab
1 . 2 9 . 001
ODW R t s . 3 6 . . 3 0 . 2 7 . 3 0 . 3 3 . 3 4 . 3 9 NS
Cone 1 5 . 5 1 2 . 2 ° 1 1 . 1 ° 1 1 . 9 ° 7 . 7 1 1 . 0 ° 1 0 . 4 ° . 005
N S t s
Wt 9 . 2 . 1 2 . 5 1 2 . 2 1 3 . 7 9 . 5 1 5 . 4 1 3 . 4 NS
Cone 2 2 . 8 2 1 . 0 2 4 . 0 2 3 . 0 2 5 . 0 2 8 . 3 2 5 . 4 NS
N R t s
Wt 8 . 8 2 6 . 2 9 6 . 5 6 6 . 8 0 8 . 0 8 8 .  88 9 .  80 NS
Cone 3 . 5 7 2 . 1 4 ° 2 . 4 0 ° 2 . 4 6 ° 1 . 4 l b 2 . 0 2 ab 2 . 4 6 ° . 0 5
P S t s
Wt 2 . 0 6 2 . 1 9 2 .  66 2 . 7 5 1 . 7 4 2 .  83 3 . 1 8 NS
Cone 7 . 4 1 5 . 7 4 6 .  00 6 . 1 0 5 . 9 6 7 . 1 5 7 . 3 5 NS
P R t s
Wt 2 . 7 5 1 . 7 2 1 . 6 4 1 . 8 4 1 . 9 4 2 . 3 7 2 .  83 NS
Cone 1 . 2 ° i . i °
a b
1 . 5 1 . 6 b 1 . 8 b 3 . 1 7 . 6 . 005
Cu S t s a a b _nh b
Wt 0 . 6 1 . 1 1 . 6 1 . 7 2 . 2 4 . 1 9 . 8 . 001
Cone 2 .  1° 3 . 6 ° 6 .  1b 7 . 4 b 1 9 .  2 C 2 5 . 4 C 2 6 6 . . 001
Cu R t s
Wt 0 . 7 ° i . i ob 1 . 7 bc 2 . 2 C 6 .  l d 3 . 4 d 1 0 2 . . uOl
T a b l e  4 c o n t i n u e d  o v e r l e a f
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T a b l e  4 ( c o n t i n u e d )
C o n c e n t r a t i o n  o f  Cu 
I n  e x t e r n a ]  s o l u t i o n
0 . 0 0 2  . 0 0 5  .01 . 0 5
( ppm)
. 1 1 . 0
S i g n i f  





1 7 . 4  1 2 . 3 ° 1 1 . 2 ° ,11.1° .1 0 . 0 ° 1 0 . 0 ° 1 2 . 7 ° . 0 5




3 3 . 8 °  2 1 . 5ob . 1 9 . 0b 2 0 . 7 b 1 9 . 2b 2 2 . 5 ab 4 8 . 2 . 0 2 5




2 24 .  111°. 82. ° 104.° 91 1 06.a 85 . a . 001




221 .bc 518 b
ab
5 58 . 5 00.b 4 77 .b 4 0 2 . bc 752.° . 001




6 8 . 3 C . 3 7 . 4ob 4 2 . 6 ab 4 1 . 0 ° b 3 6 . 3b 3 7 . 0 b 2 3 . 9b . 001




. 640  ° 4 7 2 . bc 51 0 ° bc 5 9 3 ° b 463.bc 4 1 3 .c . 490.bc .001
Wt X. 1 216 .  . 1 4 1 . 139 . 1 78 . 147. 142. 1 88. NS
Cone
C h i o r o p h y 11 a
. 9 0 7  . 631 . 5 1 8 . 5 5 8 . 6 6 3 . 5 1 0 . 4 9 6 NS
Wt 2 . 6 9  2 . 2 9  . 1 . 8 2  . 1 . 95 2.  66 2 . 2 3 2 . 0 4 NS
Cone
C h 1o r o p h y 11 b
. 2 8 7  - . 2 1 9 . 1 7 8 . 2 1 4 . 2 2 2 . 1 9 9 . 1 98 NS
Wt . . 8 5 1  . 7 9 7 . 5 9 5 . 7 5 5 .891 . 8 3 2 . 811 NS
Cone
C a r o t e n o l d $
. 2 1 3  . 1 6 8 . 1 5 4 . 1 5 7 . 1 6 9 .  140 . 1 3 8 NS
Wt . 6 3 2  . 6 1 3 . 5 3 9 . 557. . 681 . 6 1 9 . 5 6 5 NS
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T a b l e  5 E f f e c t s  o f  Zn t r e a t m e n t s  on o v e n  d r y  w e i g h t  (ÜDW) 
and c o n c e n t r a t i o n  ( Co ne )  and t o t a l  a m o u n t s  ( W t )  o f  n u t ­
r i e n t s  and p h o t o s y n t h e t i c  p i g m e n t s  i n  s e e d l i n g s  f r o m  
t h e  f i r s t  e x p e r i m e n t  a t  t h e  f i n a l  h a r v e s t  ( 1 9 - 5  weeks  
f r o m  e s t a b  1 I s h m e n t ) - R e s u l t s  a r e  meaned o v e r  two  
r e p l i c a t e s  and a r e  b a c k - t r a n s f o r m e d  f r o m  l o g a r i t h m s  
( s e e  t e x t ) .  The s i g n i f i c a n c e  ( p < )  o f  d i f f e r e n c e s
b e t w e e n  means I n  v a r i a n c e  a n a l y s e s  i s  shown.  Means 
w h i c h  d i d  n o t  d i f f e r  s i g n i f I  c a n t ] y a f t e r  a l e a s t  s i g ­
n i f i c a n t  d i f f e r e n c e  t e s t  have  s i m i  1a r  s u p e r s c r I p t s .
ODW was m e a s u r e d  I n  g ,  c o n c e n t r a t i o n s  o f  N, P and 
p i g m e n t s  as mg/g r e l a t i v e  ODW (N,  P)  and f r e s h  w e i g h t  
( p i g m e n t s ) ,  c o n c e n t r a t i o n s  o f  Cu,  Zn,  Mn and Fe as  ppm 
r e l a t i v e  t o  ODW. W e i g h t s  o f  N, P and p i g m e n t s  a r e  
g i v e n  i n  mg and Cu,  Z n ,  Mn and Fe i n  yug p e r  s e e d l i n g .  
S t s  = S h o o t s  R t s  -  R o o t s .
0
C o n c e n t r a t i o n  o f  Zn 
i n  e x t e r n a ]  s o l u t i o n
. 0 0 5  .01 . 0 5  .1
( ppm)
. 5 1 . 0
S i g n ! f  
i c a ric e
P<
ODW S t s . 5 1b . 6 4 b 1 . 6 0 °  1 . 4 5 ° 1 . 8 1 ° 1 . 6 2 ° 1 .91 . 001
ODW R t s . 2 9 d . 3 5 ad . 3 9 c . 3 5cd . 43ab . 47b . 5 4 ° . 001
Cone 2 2 . 6 1Ö.8 l ) . 0 b c 1 0 . 5 c 1 0 . 9 bC 1 4 .  l ob 1 4 . 6 ° . uOl
N S t s
Wt I K  4 1 2 . 0  17 . 5  15 . 3 1 9 . 9 2 3 . 4 2 8 . 6 NS
Cone 2 0 . 8 2 3 . 2  22 .1  2 1 . 7 2 1 . 3 2 1 . 7 2 0 . 5 NS
N R t s
Wt 5 . 9 •8 .0  . 8 . 8  . 7 . 5 1 0 . 4 1 0 . 0 1 1 . 0 NS
Cone 4 . 4  3° 4 . 0 2 °  2 . 0 9 b 1 . 9 2 b 2.  07b 2 . 2 4 b 2.  5 l b . 001
P S t s
Wt 2 . 2 3 2 . 5 6  3 . 31  2 . 6 4 3 . 7 9 3 . 6 9 4 .  88 NS
Cone 7 . 5 5 7 . 0 0  5 . 9 4  6 . 5 0 7 . 2 9 6 . 7 2 6.  55 NS
P R t s
Wt 2 . 1 7 2 . 4 2  2 . 3 7  2 . 2 4 3 . 5 9 3 . 1 2 3 . 5 4 NS
Cone 3 . 6 ° 3 .^  i . o c i . e bc 1 . 9bc 1 . 7 bc 2 .  l b . 0 5
Cu S t s
Wt 1 . 8 bc 2 . 2ab 1 . 5 C 2 . 6 ° 3 . 3 2 . 7 ° 4 .  1 . 0 5
Cone 1 1 . 0 1 1 . 0  10.1  1 3 . 0 9 . 9 1 1 . 0 8 . 7 NS
Cu R t s
Wt 3 . 1 3 . 8  3 . 9  4 . 6 4 . 9 5 .  1 4 . 7 NS
T a b l e  5 c o n t i n u e d  o v e r l e a f
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T a b l e  5 ( c o n t i n u e d )
C o n c e n t r a t i o n o f  Zn S i g n !  f
I n  e x t e r n a l  s o l u t i o n ( ppm) I c a nc e
0 . 0 0 5  .01 . 0 5  . . 1 . 5 1 . 0 P<
Cone 4 . 4 3 3 . 7 °  4 . 2 ° 11 . 3b 1 4 .  0 b 2 6 . 4 4 3 . 1 . 001
Zn S t s L.
Wt 2 . 2 ° 2 . 4 °  6 . 9 ° 1 6 . 7 b 2 5 . 9 4 3 . 0 . 63 . 8 . 001
Cone 4 . 8 ° 6 . 8 °  2 0 . 0b 3 1 . 9 b 2 7 . 2b 6 7 . 3 1 20 . .001
Zn R t s
Wt 1 . 4 ° 2 . 4 °  . 8 .  1° 1 1 . 1b 1 3 . 8 b 31 . 1 6 8 . 4 . 001
Cone 220, ° 186.° 7 0 . b 7 6 . b 69 . b 83 .b 6 9 . b .001
Mn S t s
Wt 1 1 0. 119.  111. 110. 159. 132. 173 . NS
Cone 3 8 6 . 4 7 1 .  378. . 463 . 3 76 . 3 5 9 . 3 1 7 . NS
Mn R t s
Wt 1 09. 163 .  151. 164. 1 84 . 164. 174 . NS
Cone 7 8 . 0 4 9 . 7 °  3 0 . 4 b 3 6 . 2  ab 4 6 . 3ab 5 2 . 6 ° 3 8 . 2 ab . 005
Fe S t s
Wt 3 9 .  0bc 3 2 . 0C . 4 8 . 9 bc 5 3 . 1b 8 1 . 1 ° 85 .  l a 7 3 . 7 ° .01
Cone X . l 7 88. ° 641 .od 431 . d 550.ad 586 . ad 4 2 4 . d 242.d . 005
Fe R t s
Wt X . l 225 . 223 .  170. 195. 293 . 1 92. 136 . NS
Cone . 6 2 7 . 4 2 8  . 6 2 7  . . 5 7 7 . 6 8 4 . 8 1 0  . . 6 0 5 NS
C h i o r o p h y 11 a 
Wt 0 . 9 7 ° 0 . 7 8 °  3 . 09dc 2 . 54d 4 . 2 6 ce 4 . 41  e 4 . 04ce . 0 2 5
Cone . 2 3 8 . 1 7 9  . . 2 1 3  . . 1 8 4 . 2 3 0 . 3 0 3 . 224 NS
C h 1o r o p h y 11 b 
Wt 0 . 3 7 ° 0 . 3 3 °  1. 05dc 0 . 8 1 ad 1. 4 5 Ce 1 . 67  e 1. 5 1 ce . 025
Cone . 1 99 .151  . 1 7 6 .171 . 1 9 3 . 224 . 169 NS
C a r o t e n o l d s
. 0 . 28 °  0 . 8 6 dcWt 0 . 3 1 ° 0 . 7 5 c 1 . 22e 1 . 23e 1 . 1 3ce . 005
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T a b l e  6 M a i n  e f f e c t s  o f  pH t r e a t m e n t s  on o v e n  d r y  w e i g h t  
(ODW) and c o n c e n t r a t i o n  ( Cone )  and t o t a l  a m o u n t s  ( W t )  
o f  n u t r i e n t s  and p h o t o s y n t h e t i c  p i g m e n t s  i n  s e e d l i n g s  
f r o m  t h e  s e c o n d  e x p e r i m e n t  a t  t h e  f i n a l  h a r v e s t  (23  
weeks  f r o m  e s t a b l i s h m e n t ) .  R e s u l t s  . a r e  meaned o v e r  
e i g h t  o b s e r v a t i o n s  and a r e  b a c k - t r a n s f o r m e d  f r o m  l o g ­
a r i t h m s  ( s e e  t e x t ) .  The s i g n i f i c a n c e  ( p < )  o f  
d i  f f e r e n c e s  b e t w e e n  means i n  v a r i a n c e  a n a l y s e s  i s  
shown.  Means w h i c h  d i d  n o t  d i f f e r  s i g n i f I  c a n t  1y a f t e r  
a l e a s t  s i g n i f i c a n t  d i f f e r e n c e  t e s t  have  s i m i l a r  s u p e r ­
s c r i p t s .
ODW w a s .  me as u r e d  I n  g ,  c o n c e n t r a t i o n s  o f  N, P and 
p i g m e n t s  as mg /g  r e l a t i v e  ODW (N,  P) and f r e s h  w e i g h t  
( p i g m e n t s ) ,  c o n c e n t r a t i o n s  o f  Cu,  Zn,  Mn and Fe as  ppm 
r e l a t i v e  t o  ODW. W e i g h t s  o f  N, P and p i g m e n t s  a r e  
g i v e n  I n  mg and Cu,  Zn,  Mn and Fe i n  p g  p e r  s e e d l i n g .  
S t s  -  S h o o t s  R t s  ~ R o o t s .
pH o f  e x t e r n a l  
s o l u t I  on
4 , 5 6 7
S i g n ! f  
i c a n c e
P<
ODW S t s 2 . 2 6 °  1 . 7 6 ° d 1 . 4 0 d 0 . Ö 7 . 001
ODW R t s . 4 2 °  . .  . 4 4  ° . 3 4 a d . . 3 1 d . 0 1
Cone 1 0 . 9  . 9 . 9  8 . 9  1 0 . 9 NS
N S t s
Wt 2 4 . 7 °  1 7 . 4 °  1 2 . 5 d 5 . 5 d . 001
Cone 2 3 . 9  . 2 2 . 8  . 2 0 . 6  1 8 . 2 NS
N R t s
Wt
a a ad d
1 0 .  0 9 . 9  7 . 0  5 . 6 . 005
Cone 2 . l 8 a d 2 . 0 7 d 1 . 8 8 d 2 . 8 9 ° . 0 2 5
P S t s
Wt 4 . 9 1  - 3 . 6 4  , 2 . 6 4 a 2 . 5 1 a . 00 1
Cone 6 . 7 8  5 . 1 6 °  4 . 1 6 °  4 . 7 6 ° . 001
P R t s
Wt 2 . 8 5 °  2 . 2 5 a 1 . 4 0 d 1 . 4 6 . 001
Cone 2 . 2  1 . 3  1 . 4  0 . 5 NS
Cu S t s
Wt 5 . 0 a 2 . 2 ad 2 . 0 d 0 . 5 d . 0 2 5
Cone 1 3 . 2 °  1 3 . 1 °  1 1 . 3 °  7 . 4 . 0 2 5
Cu R t s
Wt 5 . 5 °  5 . 7 °  3 . 8 °  2 . 3 . 0 1
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T a b l e  6 ( c o n t i n u e d )
pH o f  e x t e r n a l  
s o l u t i o n
4 5 6 7
S i g n i f  
i c a n c e
P<
Cone 2 1 . 9 °  . 1 8 . 8 °  .1 2 .  6d 1 1 . 9d .  001
Zn S t s
Wt 4 9 . 5  .33.  1 . 17 . 7  1 0 . 4 .  001
Cone 4 1 . 0°d , 5 2 . 4° . 4 0 . 4d 2 4 . 3 . 001
Zn R t s
Wt 1 7 . 2 °  2 2 . 9 °  . 1 3 . 6  7 . 5 . 001
Cone 93 . °d ■ , 89 . ad 120.° 67.d . 0 5
Mn S t s
Wt 2 1 0 ° .  156.°  169 . °  59 . .  001
Cone 2 0 9 .  421 .° S66.d 4 7 0 ° d . 001
Mn R t s
Wt 88 .  184 .  190 .  144 . NS
Cone 5 0 . 6 °  , 5 1 . 2 °  3 8 . 9  . 4 3 . 0 . 005
Fe  S t s
Wt 1 14 . °  . . 9 0 . °  , 5 5 .  3 7 . . 001
Cone X, 1 . 5 5 4 .  . 3 7 2 .  2 3 7 . °  231 . ° .  001
Fe R t s
Wt X. 1 . 2 3 3 . °  .162.°  . 80.d 71 d . 001
Cone . . 8 ]°d. -♦ 90°  . . 5 1 d<: , . 3 1 c . 0 2 5
C h i o r o p h y 11 a 
Wt 2 . 6 3 °  2 . 7 6 °  1 . 2 7 d 0 . 5 5 d . 005
Cone - . 3 1 .  - . 2 7  . . . 1 7  . * * 12 . . 001
C h l o r o p h y 11 b 
Wt . . 9 5 °  - . . 8 2 °  -...43 . 21 . 001
Cone . 2 5  - . 2 0  , . . 1 3  . 0 9 . 001
C a r o t e n o l d s  
Wt . . 7 6 °  . .  60 °d . .  3 3 dc . 1 6C . 005
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T a b l e  7 Ma in  e f f e c t s  o f  Zn and Cu t r e a t m e n t s  on oven  d r y  
w e i g h t  (ODW) and c o n c e n t r a t i o n  (Cone)  and t o t a l  amounts  
(Wt )  o f  n u t r i e n t s  and p h o t o s y n t h e t i c  p i g m e n t s  I n  seed­
l i n g s  f rom t h e  s ec ond  e x p e r i m e n t  a t  t h e  f i n a l  h a r v e s t  
(23 weeks f r om  e s t a b l i s h m e n t ) .  R e s u l t s  a r e  meaned o v e r  
16 o b s e r v a t i o n s  and a r e  b a c k - t r a n s f o r m e d  f r o m  l o g ­
a r i t h m s  . ( s e e  t e x t ) .  • .  The s i g n i f i c a n c e  ( p < )  o f  
d i f f e r e n c e s  be tween means - I n  v a r i a n c e  a n a l y s e s  i s  
shown,  - .
ODW was .  measured I n  g,  c o n c e n t r a t i o n s  o f  N, P and 
p i g m e n t s  as mg/g. r e l a t i v e  ODW (N, P) and f r e s h  w e i g h t  
( p i g m e n t s ) ,  c o n c e n t r a t i o n s  o f  Cu, Zn,  Mn and Fe as ppm 
r e l a t i v e  t o  ODW. W e i g h t s  o f  N, P and p i g m e n t s  a r e  
g i v e n  I n  mg and Cu, Zn,  Mn and Fe I n  / j g  p e r  s e e d l i n g .  
S t s  -  S h oo ts  R t s  = R o o t s .
Cone Zn 
I n  e x t e r n a  1 
s o l u t i o n
- . 0 5 .  . 4
SI g n I f  
I c a n c e
P<
Cone Cu 
i n e x t e r n a  1 
so 1u t I  on
. 007 .07
S i g n ! f  
I c a n c e
P<
ODW S t s 1 . 3 6 1 . 6 2 MS 1 .3 9 1.59 . 05
ODW R t s - -37 . -  .37 NS . 3 6 . 3 9 NS
Cone
N S t s
9 -6 10.6 . . 0 5  . 10 .7 9 . 5 NS
Wt 13,1. . 17 .2 , NS 1 4.9 15 .2 NS
Cone ,
N R t s
2 0 . 8 2 1 . 8 NS 2 2. 8 2 0 . 0 NS
Wt 7 . 7 2 8 . 0 9 NS 8. 1 0 7.71 NS
Cone
P S t s
2 . 1 9 . 2 .2 6 NS 2 . 4 8 2 +  00 . 02 5
Wt 2 .9 7 3 . 6 6 NS 3 . 4 3 3 . 1 7 NS
Cone
P R t s
4 . 9 2  . -5 .35 NS 5 . 5 5 4 . 7 4 NS
Wt 1 . 8 3 . 2 . 0 0 NS 1.97 1.83 NS
Cone
Cu S t s
1 . 1 . 1.4 NS 0 .6 2 . 3 . 005
Wt 1 .4 2 . 2 NS 0 . 9 3 . 7 .005
Cone
Cu R t s
1 0 .3 11.7 NS 5 . 9 20 .5 . . 0 0 5
Wt 3 . 8 4 . 3 NS 2.1 7 . 9 . 001
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T a b l e  7 ( c o n t i n u e d )
Cone Zn 
i n  e x t e r n a ]  
s o ] u t I o n
• 0 5  . . 4
S i g n i f  
i c a n c e
P<
Cone Cu 
I n  e x t e r n a l  
s o l u t i o n
.  0 0 7  . 0 7
S i g n i f  
i c a n c e
P<
Cone 9 . 4 2 6 . 4 .  001 1 7 . 6 1 4 . 0 . . 0 0 1
Zn S t s
Wt 1 2 . 8 4 2 . 8 . 0 0 1 2 4 . 7 2 2 . 2 NS
Cone 2 6 . 9 5 4 . 0 . .  00 1 3 8 . 5 3 7 . 7 NS
Zn R t s
Wt 1 Ü . 0 2 0 . 0 . .  001 1 3 . 7 1 4 . 6 NS*
Cone 8 9 . 8 9 1 . 2 . NS 9 6 . 8 8 4 . 5 NS
Mn S t s
Wt 1 2 2 . 1 4 8 . . NS 1 3 4 . 1 3 4 . NS
Cone 4 i a . 3 6 6 . NS 4 0 7 . 3 7 6 . NS
Mn R t s
Wt 1 5 5 . 1 3 6 . NS 1 4 5 . 1 4 6 . NS
Cone 4 7 . 6 4 3 . 6 . NS 5 0 . 4 4 1 . 3 .  0 2 5
Fe S t s
Wt 6 4 . 6  .. 7 0 . 9 . NS 7 0 . 0 6 5 . 5 NS
Cone X.1 3 1 6 . 3 3 4 . NS 3 3 4 . 3 1 8 . NS
Fe R t s
"sl rt X • 11 8. 123 . NS 119. 1 2 3 . NS
Cone . 5 7 7 . 6 9 0 NS . 6 3 5 . 6 3 1 NS
C h i o r o p h y 1 I a
Wt 1.51 2 . 0 9 NS 1 . 6 5 1 . 9 5 NS
Cone . 1 9 4 - . 2 4 5 . . 0 0 5 . 2 5 7 .  1 8 2 . 0 0 1
C h ] o r o p h y )1 b
Wt - . 5 1 1  . . 6 9 3 . 0 2 5 . 6 3 8 . 5 6 7 NS
Cone . 1 5 8 . 1 7 9 NS . 1 60 . 1 5 8 NS
C a r o t e n o l d s
Wt . 4 1 2 . 5 1 5 NS .  4 4 7 . 4 8 0 NS
jo
a n a l y s e s  we re  s i g n i f i c a n t  a r e  shown,  t o g e t h e r  w i t h  r e s u l t s  o f  
l e a s t  s i g n i f i c a n t  d i f f e r e n c e  t e s t s  whe re  a p p r o p r i a t e .
E f f e c t s  o f  pH on n u t r i e n t  u p t a k e  and t r a n s p o r t
T a b l e  6 shows t h e  m a i n  e f f e c t s  o f  pH o f  t h e  
e x t e r n a l  n u t r i e n t  s o l u t i o n  on  t h e  c o n c e n t r a t i o n s  ana t o t a l  
a mo un t s  o f  t h e  v a r i o u s  n u t r i e n t s  i n  s h o o t s  and r o o t s  o f  s e e d -  
1 i n g s  a t  t h e  t i m e  o f  t h e  s e co n d  h a r v e s t  o f  t h e  s e co n d  e x p e r ­
i m e n t .  S i g n i f i c a n t  i n t e r a c t i o n s  b e t w e e n  pH l e v e l s  and  Zn o r  
Cu t r e a t m e n t s  w e r e  uncommon i n  v a r i a n c e  a n a l y s e s ;  t h a t  i s ,  
t h e r e  w e r e  no s u b s t a n t i a l  d i f f e r e n c e s  i n  t h e  e f f e c t s  o f  pH 
w i t h  d i f f e r e n t  n u t r i e n t  t r e a t m e n t s .  He nc e ,  t h e  m a i n  e f f e c t s  
shown r e p r e s e n t  a r e a l i s t i c  p i c t u r e  o f  pH e f f e c t s .
The t o t a l  amoun t  o f  N i n  s h o o t s  and r o o t s  d e c l i n e c  
s i g n i f i c a n t l y  w i t h  i n c r e a s i n g  pH i n  a manner  s i m i l a r  t o  o v e n  
d r y  w e i g h t .  T h e r e  we re  no s i g n i f i c a n t  e f f e c t s  on  c o n c e n ­
t r a t i o n .  T h i s  s u g g e s t s  t h a t  N 03”  u p t a k e  by  r o o t s  ana t r a n s ­
p o r t  t o  s h o o t s  k e p t  p ac e  w i t h  g r o w t h  and was n o t  a f f e c t e d  by 
t h e  pH o f  t h e  e x t e r n a l  n u t r i e n t  s o l u t i o n .  F o r  Cu,  Zn ,  Fe and 
P t h e r e  was a common t e n d e n c y  f o r  s i g n i f i c a n t l y  r e d u c e d  c o n ­
c e n t r a t i o n s  and w e i g h t s  o f  n u t r i e n t s  i n  s h o o t s  and r o o t s  w i t h  
i n c r e a s e d  pH. T h i s  s u g g e s t s  t h a t  b o t h  u p t a k e  by r o o t s  ano 
t r a n s p o r t  t o  s h o o t s  o f  t h e s e  n u t r i e n t s  d e c l i n e d  as pH 
i n c r e a s e d .  F o r  Fin, t h e  amoun t  r e t a i n e d  i n  r o o t s  uec l i n e d  a t  
pH b;  b u t  when t h e  t o t a l  amoun t  o f  Fin i n  s h o o t s  and r o o t s  
w e r e  added t o  g i v e  t h e  t o t a l  amoun t  a c t u a l l y  t a k e n  up by  t h e  
r o o t s ,  t h i s  e f f e c t  d i s a p p e a r e d  ( r e s u l t s  n o t  s h o w n ) .
T h e r e f o r e ,  h i g h  pH had l i t t l e  e f f e c t  on / in u p t a k e  by  r o o t s ,  
b u t  i t  r e d u c e d  / in t r a n s p o r t  t o  s h o o t s  as  w i t h  t h e  o t h e r  
m e t a l s .
M e t a l  s t o r a g e  i n  r o o t s  and e f f e c t s  o f  Zn and Cu o n  Zn
and Cu u p t a k e
I n c r e a s i n g  Zn o r  Cu f r o m  low t o  h i g h  l e v e l s  c a u s e d  
s u c c e s s i v e l y  i n c r e a s e d  r a t e s  o f  u p t a k e  by r o o t s  ana t r a n s f e r  
t o  s h o o t s  o f  Zn and Cu r e s p e c t i v e l y  i n  b o t h  e x p e r i m e n t s  
( T a b l e s  4 , 5 , 7 ) .  As t h e  n u t r i e n t  c o n c e n t r a t i o n  i n  t h e  
e x t e r n a l  s o l u t i o n  r o s e  f r o m  d e f i c i e n t  t o  s u f f i c i e n t  l e v e l s ,  
t h e r e  was a m a r k e d  d i s p a r i t y  i n  r e l a t i v e  n u t r i e n t  c o n c e n ­
t r a t i o n s  I n  s h o o t s  and r o o t s .  Thu s ,  i n  t h e  f i r s t  e x p e r i m e n t ,  
t h e  c o n c e n t r a t i o n  o f  Cu i n  r o o t s  was 1 . 6  t i m e s  t h a t  i n  s h o o t s  
w i t h  no Cu added t o  t h e  n u t r i e n t  s o l u t i o n ,  b u t  35 t i m e s  t h a t  
i n  s h o o t s  w i t h  1 ppm Cu ( T a b l e  4 ) .  f o r  Zn ,  t h e  e f f e c t  was n o t  
as l a r g e ,  b u t  t h e  e q u i v a l e n t  r a t i o s  i n c r e a s e d  f r o m  1 . 0  t o  2 . 6  
as Zn c o n c e n t r a t i o n  i n c r e a s e d  ( T a b l e  5 ) .  T h i s  s u g g e s t s  t h a t  
when n u t r i e n t s  w e r e  p r e s e n t  i n  t h e  n u t r i e n t  s o l u t i o n  a t  s u b -  
s u f f i c i e n t  l e v e l s ,  r o o t s  and s h o o t s  t e n d e d  t o  s h a r e  a v a i l a b l e  
n u t r i e n t  a l m o s t  e q u a l l y ,  b u t  o n c e  n u t r i e n t  l e v e l s  r o s e  abo ve  
s u f f i c i e n c y ,  t h e  e x c e s s  a v a i l a b l e  was r e t a i n e d  i n  r o o t s .
Mn and f e ,  w h i c h  we re  b o t h  s u p p l i e d  a t  s u p r a -  
s u f f i c i e n t  l e v e l s ,  a l s o  showed h i g h e r  r o o t  c o n c e n t r a t i o n s  
t h a n  s h o o t  c o n c e n t r a t i o n s  ( T a b l e s  4 - 7 ) *  f o r  Fe,  t h e  e f f e c t  
was p a r t i c u l a r l y  m a r ke d -  s h o o t  c o n c e n t r e t i o n  was n e a r l y  
a l w a y s  l e s s  t h a n  1 OOppm, w h i l e  r o o t  c o n c e n t r a t i o n  was a l w a y s
'l u
s e v e r a l  t h o u s a n d  ppm, up t o  a l m o s t  büüüppm.  T h i s  s u g g e s t s  
t h a t  e x c e s s e s  o f  t h e s e  m e t a l s  a r e  a l s o  s t o r e o  I n  r o o t s .
I n t e r a c t i o n s  b e t w e e n  n u t r i e n t s  f o r  u p t a k e  ana t r a n s p o r t
T h e r e  we re  a few i s o l a t e d  i n c i d e n t s  i n  t h e  f i r s t  
e x p e r i m e n t  wh e re  Cu and Zn I n t e r a c t e d  w i t h  o t h e r  n u t r i e n t s  
and a f f e c t e d  t h e i r  r a t e s  o f  u p t a k e  by r o o t s  o r  t r a n s p o r t  t o  
s h o o t s .  A t  t h e  l o w e s t  Cu l e v e l s  i n  t h e  f i r s t  e x p e r i m e n t  
( T a b l e  4 ) ,  t h e r e  w e r e  s i g n i f i c a n t l y  i n c r e a s e d  c o n c e n t r a t i o n s  
and t o t a l  a mo un t s  o f  Zn and f e  r e t a i n e d  i n  r o o t s  and Tin i n  
s h o o t s ,  s u g g e s t i n g  an i n c r e a s e d  u p t a k e  r a t e  f o r  Zn and Fe and 
t r a n s p o r t  r a t e  f o r  Mn.  The h i g h e s t  Cu l e v e l  i n c r e a s e c  t h e  
r a t e  o f  u p t a k e  o f  b o t h  Mn and Zn by  r o o t s .  o t h e r  s i g n i f i c a n t  
e f f e c t s  o f  Zn and Cu i n  t h e  f i r s t  e x p e r i m e n t  ( T a b l e s  C , 5 ) ,  
r e f l e c t e d  o n l y  e f f e c t s  on  g r o w t h  r a t e  ana a i a  n o t  g i v e  s u f f ­
i c i e n t  e v i d e n c e  t o  s u g g e s t  t h e r e  we re  c h a n g e s  i n  u p t a k e  o r  
t r a n s p o r t  r a t e s .  I n  t h e  s e c o n d  e x p e r i m e n t  ( T a b l e  7 ) ,  t h e r e  
was l i t t l e  e v i d e n c e  t h a t  c h a n g e s  i n  Zn o r  Cu l e v e l s  i n  n u t ­
r i e n t  s o l u t i o n s  had any  s u b s t a n t i a l  e f f e c t s  on  u p t a k e  o r  
t r a n s p o r t  r a t e s  o f  any  o t h e r  n u t r i e n t s .
E f f e c t s  on p h o t o s y n t h e t i c  p i g m e n t s
I n c r e a s e d  pH s i g n i f i c a n t l y  r e d u c e d  t h e  f r e s h  w e i g h t  
p e r  s e e d l i n g  and t h e  c o n c e n t r a t i o n s  and t o t a l  a m o u n t s  o f  
c h l o r o p h y l l s  a and b and c a r o t e n e  ( T a b l e  6 ) .  T h i s  s u g g e s t s  
t h a t  s y n t h e s i s  o f  a l l  t h r e e  p i g m e n t s  was r e d u c e d  a t  h i g h e r  pH
l e v e l s ,  Ma rk ed  y e l l o w i n g  o f  s e e d l i n g s  o c c u r e d  a t  pH 6 and 7 .
A p a r t  f r o m  some s i g n i f i c a n t  c n a n g e s  i n  t o t a l  
a moun ts  o f  p h o t o s y n t h e t i c  p i g m e n t s ,  oue t o  d i f f e r e n c e s  i n  
s e e d l i n g  w e i g h t s  w i t h  d i f f e r e n t  n u t r i e n t  t r e a t m e n t s ,  t h e r e  
was l i t t l e  e v i d e n c e  t h a t  Zn o r  Cu l e v e l s  I n  n u t r i e n t  s o l ­
u t i o n s  a f f e c t e d  p i g m e n t  l e v e l s  i n  e i t h e r  e x p e r i m e n t  
( T a b l e s  A , 5 , 7 ) .  The h i g h e r  Zn l e v e l  i n c r e a s e d  s y n t h e s i s  o f  
c h l o r o p h y l l  b i n  t h e  s e c o n d  e x p e r i m e n t  ( T a b l e  7)  b u t  no 
s i m i l a r  e f f e c t  was o b s e r v e d  i n  t h e  f i r s t .
DISCUSSION
D e f i c i e n c y  symptoms and m e t a l  r e q u i r e m e n t s  f o r  g r o w t h
H e w i t t  ( 1 966)  s u g g e s t e d  t h a t . 0 .1  ppm o f  b o t h  Cu and 
Zn i n  n u t r i e n t  s o l u t i o n s  i s  o f t e n  t h e  t h r e s h o l d  o f  t o x i c i t y  
f o r  p l a n t s ,  b u t  up t o  2ppm o f  e i t h e r  e l e m e n t  i s  o f t e n  n o t  
e x c e s s i v e .  Fo r  P.  r a d i a t a  s e e d l i n g s  i n  t n i s  w o r k ,  Q . 1 ppm was 
n o t  e x c e s s i v e  f o r  e i t h e r  e l e m e n t  b u t  was j u s t  above  t h e  l e v e l  
r e q u i r e d  f o r  maximum g r o w t h .  B a r k e r  ( 1 9 7 3 )  f o u n u  t h a t  5ppm 
Zn i n  n u t r i e n t  s o l u t i o n  was n e c e s s a r y  f o r  t o x i c  symptoms  t o  
d e v e l o p  i n  F,  r a d l a t a  s e e d l i n g s  g r o wn  u n d e r  s i m i l a r  
c o n d i t i o n s  t o  t h o s e  i n  t h e s e  e x p e r i m e n t s .  T h i s  s p e c i e s  
a p p e a r s  t o  be more  t o l e r a n t  o f  h i g h  Cu and Zn l e v e l s  t h a n  
some o t h e r s .
I n  f o l i a g e ,  T h o r n e  ( 1 9 5 7 )  has  o b s e r v e d  t h a t  Zn d e f ­
i c i e n c y  symptoms o c c u r  a t  Zn c o n c e n t r a t i o n s  r a n g i n g  f r o m  
2 - 40ppm r e l a t i v e  t o  d r y  w e i g h t ,  b u t  more t h a n  I5ppm i s
g e n e r a l l y  c o n s i d e r e d  a c e q u a t e .  I n  t h e s e  e x p e r i m e n t s ,  30ppm 
Zn r e l a t i v e  t o  d r y  w e i g h t  i n  f o l i a g e  was t h e  t h r e s h o l d  o f  
d e f i c i e n c y  w i t h  70ppm i n  r o o t s .  Fo r  Cu,  d e f i c i e n c y  symptoms  
have  o c c u r e d  I n  v a r i o u s  c o n i f e r s  w i t h  l e s s  t h a n  2 - 3ppm Cu i n  
t h e  f o l i a g e  ( R u i t e r  1969,  Q lde n ka mp e  and S m i l d e  1966 ,  B e n z i a n  
and Warner  1 9 5 6 ) .  I n  t h e  e x p e r i m e n t s  h e r e ,  g r o w t h  was 
r e d u c e d  w i t h  l e s s  t h a n  a b o u t  6ppm Cu I n  s h o o t s  and 20ppm i n  
r o o t s  r e l a t i v e  t o  d r y  w e i g h t .
G r o w th  may d e c l i n e  b e f o r e  d e f i c i e n c y  symptoms  
o c c u r .  Even w i t h  Cu i n  t h e  f o l i a g e  as lew as l - 2 p p m  r e l a t i v e  
d r y  w e i g h t ,  t h e r e  we re  few c h a n g e s  I n  a p p e a r a n c e  o f  s e e d ­
l i n g s ,  as has a l s o  been o b s e r v e d  by H a l l  ( 1 9 6 1 ) .  C e r t a i n l y  
t h e r e  w e r e  no g r o s s  d i s t o r t i o n s  as  o b s e r v e d  by  R u i t e r  ( 1 9 6 9 )  
i n  P.  r a d  l a t a  t r e e s  s e v e r a l  y e a r s  o l d .  The symptoms o f  Zn 
d e f i c i e n c y  o b s e r v e d  i n  t h e s e  e x p e r i m e n t s  we re  s i m i l a r  t o  
t h o s e  d e s c r i b e d  f o r  P . r a d i a t a  s e e d l i n g s  by  S m i t h  and B a y l i s s  
( 1 9 4 2 ) .
G r o w t h  as a f u n c t i o n  o f  n u t r i e n t  c o n c e n t r a t i o n
G r o w t h  o f  r o o t s  and s h o o t s  o f  s e e d l i n g s  as  a 
f u n c t i o n  o f  t h e i r  I n t e r n a l  Zn o r  Cu c o n c e n t r a t i o n  c o u l d  be 
e x p l a i n e d  as t h a t  p a r t  o f  a s i g m o i d  c u r v e  t o  t h e  r i g h t  o f  t h e  
i n f l e c t i o n  p o i n t  o f  t h e  c u r v e .  When i n t e r n a l  m e t a l  c o n c e n ­
t r a t i o n  was e x p r e s s e d  r e l a t i v e  t o  w a t e r  c o n t e n t  and g r o w t h  
l o g a r i t h m i c a l l y ,  t h e  c o n c e n t r a t i o n  o f  Zn r e q u i r e d  f o r  
a d e q u a t e  g r o w t h  w a s . s i m i l a r  I n  r o o t s  and s h o o t s ,  b u t  t h e  Cu 
c o n c e n t r a t i o n  r e q u i r e d  w a s . 2 - 3  t i m e s  h i g h e r  i n  t h e  r o o t  t h a n
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t h e  s h o o t .  E x p r e s s i n g  me t a l  c o n c e n t r a t i o n s  r e l a t i v e  t o  w a t e r  
c o n t e n t  o f  s h o o t s  o r  r o o t s  I s  p r o b a b l y  a b e t t e r  m e a s u r e  o f  
rne t a l  a v a i l a b i l i t y  f o r  m e t a b o l i c  p u r p o s e s  t h a n  c o n c e n t r a t i o n s  
r e l a t i v e  t o  o v e n  d r y  w e i g h t .  Ho we v e r ,  much o f  t h e  w a t e r  i n  
t h e  p l a n t  i s  m e t a b o 1 I c a  11y I n a c t i v e :  t h e  w a t e r  I n  t h e  
v a c u o l e s  and  c e l l  w a l l s  d o e s  n o t  t a k e  p a r t  i n  t h e  m e t a b o l i c  
p r o c e s s e s  and t h i s  w a t e r  makes  up t h e  b u l k  o f  t h e  w a t e r  i n  
t h e  p l a n t .  The r e s u l t s  o b s e r v e d  h e r e ,  t h e r e f o r e ,  c a n  o n l y  be 
c o n s i d e r e d  an i n i t i a l  g u i d e  t o  t h e  m e t a b o 1 i c  r o 1 e s  o f  t h e s e  
m e t a l s .
The r e a s o n s  f o r  s i m i l a r  o r  d i s s i m i l a r  r e q u i r e m e n t s  
f o r  n u t r i e n t s  i n  r o o t  o r  s h o o t  do n o t  a p p e a r  t o  h a v e  b e e n  
e l u c i d a t e d  f o r  a ny  m e t a l .  C l e a r l y ,  f o r  m l c r o n u t r I e n t s ,  t h e y  
v / i l l  r e s t  on  t h e  a c t i v i t i e s  a n d  c o n c e n t r a t i o n s  o f  t h o s e  
m e t a l - r e q u i r i n g  e n z y me s  p r e s e n t  i n  r o o t s  a n d  s h o o t s .  
A v a i l a b i l i t y  o f  m e t a l s  may r e g u l a t e  enzyme  a c t i v i t y ,  o r  
c h a n g e s  i n  c o n c e n t r a t i o n  o f  m e t a 1 - r e q u i r I n g  e n z y me s  i n  an  
o r g a n  may mean c h a n g e s  I n  r e q u i r e m e n t s  f o r  t h e  m e t a l .  Hi 11 
( 1 9 7 3 )  s howe d  t h a t  t h e  a c t i v i t y  o f  f o u r  C u - c o n t a i n i n g  e n z y me s  
v a r i e d  b e t w e e n  r o o t s  a nd  s h o o t s  o f  g e r m i n a t i n g  r e d  c l o v e r  and 
c h a n g e d  o v e r  s e v e r a l  d a y s  a s  g e r m i n a t i o n  a nd  e a r l y  g r o w t h  
p r o g r e s s e d .  C o n v e r s e l y ,  i f  t h e r e  I s  a t e n d e n c y  f o r  some 
m e t a l  t o  be r e t a i n e d  i n  a n  i n a c t i v e  f or m I ri t h e  p l a n t ,  t h e n  
t h i s  c o u l d  l e a d  t o  d i f f e r e n c e s  i n  r e q u i r e m e n t  o f  s h o o t  and
r o o t .
I n t e r a c t i o n s  b e t w e e n  n u t r i e n t s
Much p u b l i s h e d  w o r k  s u g g e s t s  t h e r e  i s  u s u a l l y  
s t r o n g  c o m p e t i t i o n  b e t w e e n  Cu,  Zn,  Mn and Fe f o r  u p t a k e  by 
p l a n t s .  O f t e n  t h e s e  i n t e r a c t i o n s  have  been  h i g h l y  c o m p l e x  
( S m i t h  1962 ,  Greenwood and H a l l s w o r t h  1 9 6 0 ) .  T h e r e  we re  o n l y  
a few i s o l a t e d  i n c i d e n t s  o f  s i g n i f i c a n t  i n t e r a c t i o n s  b e t w e e n  
t h e s e  m e t a l s  I n  t h e s e  e x p e r i m e n t s .  Zn,  Mn and Fe u p t a k e  o r  
t r a n s p o r t  r a t e s  I n c r e a s e d  w i t h  v e r y  low Cu l e v e l s ,  s u g g e s t i n g  
t h a t  t h e s e  may c o m p e t e  more  s u c c e s s f u l l y  f o r  u p t a k e  o r  t r a n s ­
p o r t  s i t e s  when few Cu i o n s  a r e  a v a i l a b l e .  On t h e  o t h e r  
h a n d ,  h i g h  Cu l e v e l s  i n c r e a s e d  t h e  r a t e  o f  Mn and Zn u p t a k e  
by r o o t s .  I n  g e n e r a l ,  c h a n g i n g  Zn o r  Cu c o n c e n t r a t i o n s  i n  
t h e  e x t e r n a l  s o l u t i o n  a i d  n o t  c a u s e  t h e  l a r g e  r e d u c t i o n s  i n  
u p t a k e  o r  t r a n s p o r t  o f  t h e  o t h e r  m e t a l s  t h a t  w o u l d  be 
e x p e c t e d  i f  t h e r e  w e r e  ma r ke d  c o m p e t i t i o n  b e t w e e n  t hem f o r  
u p t a k e  o r  t r a n s p o r t  s i t e s .
O t h e r  w o r k  i n v o l v e d  w i t h  m e t a l  a n t a g o n i s m  has  o f t e n  
u sed  c o n d i t i o n s  v e r y  u n l i k e  t h o s e  h e r e .  The u p t a k e  p e r i o d  
was o f t e n  s h o r t  ( H aw f  and Sc h mi d  1967,  D o k i y a  e t  a l  1 9 6 o ) ,  
p l a n t s  o f t e n  c o n t a i n e d  e x c e s s  o f  t h e  e l e m e n t s  a t  t h e  
b e g i n n i n g  o f  t h e  e x p e r i m e n t  ( S m i t h  ana S p e c h t  1953 ,  
D o k i y a  e t  a l  I 9 6 0 )  o r  i n t e r a c t i o n s  may have  o c c u r e d  i n  t h e  
s o i l  r a t h e r  t h a n  t h e  p l a n t  ( L o p e z  and Graham 1973,  Dunne 
1 9 5 6 ) .  C l e a r l y ,  t h e  l o n g  t e r m  r e s p o n s e  o f  a p l a n t  r e c e i v i n g  
a l e s s  t h a n  a d e q u a t e  s u p p l y  o f  an e l e m e n t  c o u l o  be v e r y  
d i f f e r e n t  t o  t h e  s h o r t  t e r m  r e s p o n s e  i n  a p l a n t  w e l l  s u p p l i e a  
w i t h  n u t r i e n t s  g r o w i n g  I n  s o i l .  These d i f f e r e n c e s  may have
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caused the different effects observed here..
There did not appear to be any marked effect of 
changing Zn or Cu levels In nutrient solutions on N or P 
levels in roots or shoots and therefore on rates of uptake by 
roots or transport to shoots of NO3” or HP04s . Anions and 
cations are generally thought to have separate uptake 
mechanisms (Robertson 1956, Jackson and Acams 1563), hence 
Interactions between them would not be expected.
Nutrients in roots and shoots
When Cu, Zn, Mn and Fe were in adequate supply, 
concentrations of these metals in roots far exceedea those in 
shoots. When Cu and Zn were deficient, the root and shoot 
concentrations were much closer. This observation suggests 
that the root is the storage site for excess of these metals 
when they are in adequate supply. Similar effects have been 
observed with these metals elsewhere in a variety of species 
(Hawf and Schmid 1967, Lopez and Graham 1973, Smith and 
Specht 1953, Hill 1973), but these workers have not generally 
Interpreted their results In this way.
Both Cu and Zn are norma 11y bound, to a small 
extent, in plant cell walls (Diez-A1 tares and BornemIsza 
1967) and this may be the cellular site at which excess n-etal 
is held. Other workers have suggested that these metals are 
associated with protein In the cytoplasm (Johnson arid Schrenk 
1963, Kositsyn ana Jyoshina 1964, Kato et al 1961,
W I s h n i c k  e t  a 1 1969 ,  H i l l  1 9 7 3 ) .  F u r t h e r  s t u d y  I s  n e c e s s a r y  
t o  f i n d  how t h e s e  m e t a l s  a r e  h e l d  i n  P.  r a d i a t a .
E f f e c t s  o f  pH
Cu,  Zn and Fe u p t a k e  by  r o o t s  and t r a n s p o r t  t o  
s h o o t s  d e c l i n e d  w i t h  I n c r e a s i n g  pH w h i l e  f o r  Hn,  o n l y  t h e  
r a t e  o f  t r a n s p o r t  t o  s h o o t s  w a s .  r e a u c e d .  T h e r e  we re  no 
e f f e c t s  o f  pH on N l e v e l s ,  b u t  I n c r e a s e d  pH r e d u c e d  P u p t a k e  
and t r a n s p o r t  r a t e s .
The e f f e c t s  o f  pH on  I o n  u p t a k e  have  b ee n  t h e  
s u b j e c t  o f  c o n s i d e r a b l e  s t u d y ,  b u t  a r e  s t i l l  p o o r l y  
u n d e r s t o o d .  R o b e r t s o n  ( 1 9 5 6 )  p r o p o s e d  t h a t  low pH w o u l d  
s u p p r e s s  t h e  i o n i z a t i o n  o f  a n i o n s  I n  t h e  c e l l  w a l l  anc  t h e  
weak e l e c t r o l y t e s  o f  t h e  c y t o p l a s m .  T h i s  w o u l d  i n c r e a s e  t h e  
f r e e  s p a c e  a v a i l a b l e  t o  a n i o n s  and  hence  a n i o n  u p t a k e .  T h i s  
i d e a  has  been  e x p a n d e d  by J a c k s o n  and Adams ( 1 9 6 3 )  who showed 
S04= , P043”  and 6 1 ”  u p t a k e  by b a r l e y  r o o t s  was a c c o m p a n i e d  by 
e x t r u s i o n  q f  QH ”  i o n s  f r o m  c e l l s ,  s u g g e s t i n g  t h a t  low pH i n  
t h e  e x t e r n a l  medium w o u l d  p r o m o t e  a n i o n  u p t a k e .  E x p e r i m e n t a l  
e v i d e n c e  does  n o t  a l w a y s  s u p p o r t  t h e s e  s u g g e s t i o n s .  pH 
c h a n g e s  f r o m  a D o u t  5 t o  9 had l i t t l e  e f f e c t  on  r o o t  u p t a k e  o f  
N03”  and H 2 P 04 ”  I n  t o m a t o ,  l e t t u c e  and Bermuda g r a s s  
( A r n o n  e t  a l  1 9 4 2 ) ,  on  N 0 3”  and  h a l i d e  u p t a k e  by  b a r l e y  
( H o a g l a n d  and ß r o y e r  1 9 3 7 ) ,  on C l ”  u p t a k e  by  b e e t  s l i c e s  
( H u r d  and S u t c l i f f e  1957)  o r  on N03“  u p t a k e  by p i n e  i n  t h i s  
s t u d y .  O t h e r  wo rk  has  shown t h a t  s i m i l a r  pH i n c r e a s e s  have
i n d e e d  r e d u c e d  Nü3”  u p t a k e  by m a i z e  r o o t s  ( V an  aen H o n e r t  ana 
Hooymans 19 5 5 ) ,  C 1 “ , NO 3“  and P043“  u p t a k e  by  r y e  ( O l s e n  
1 9 5 3 ) ,  b r ”  u p t a k e  by b a r l e y  ( J a c o b s e n  e t  a l  1957)  end  HP04= 
u p t a k e  by p i n e  i n  t h i s  s t u d y .  O l s e n  ( 1 9 5 3 )  s u g g e s t e d  t h a t  
r e d u c e d  a n i o n  u p t a k e  a t  h i g h  pH was due t o  t h e  h i g h e r  
a v a i l a b i l i t y  o f  HC03”  i o n s  ( d e r i v e d  f r o m  C02 g i v e n  o f f  by 
r o o t s ) ,  a t  h i g h e r  pH, w h i c h  c o m p e t e d  s u c c e s s f u l l y  f o r  u p t a k e  
w i t h  o t h e r  a n i o n s .  J a c k s o n  and Adams ( 1 9 6 3 )  ha ve  c h a l l e n g e d  
t h i s  i n t  e r p r e t a t i o n  h o w e v e r .  V e r y  low pH ( 3 - 4 )  has  r e a u c e c  
a n i o n  u p t a k e  by r o o t s ,  b u t  t h i s  may have  been  due t o  damage 
t o  r o o t s  a t  low pH ( A r n o n  e t  a l  1942 ,  J a c o b s e n  e t  a l  1957,  
H o a g l a n d  and 3 r o y e r  1 9 3 7 ) .
Fo r  c a t i o n s ,  m o s t  w o r k  has been done  w i t h  K +. A 
number  o f  w o r k e r s  have  f o u n d  l i t t l e  e f f e c t  o f  pH on K *  u p t a k e  
abo ve  pH 5 ( A r n o n  e t  a l  1942 ,  J a c o b s e n  e t  a l  1957 ,  H o a g l a n a  
and ß r o y e r  1 9 3 7 ) .  A l l  t h e s e  a u t h o r s  f o u n d  t h a t  r e d u c i n g  pH 
b e l o w  t h i s  l e v e l  t e n d e d  t o  r e d u c e  K + u p t a k e .  S e v e r a l  w o r k e r s  
h av e  s u g g e s t e d  t h a t  a t  low pH, H + I o n s  c o m p e t e  w i t h  K *  f o r  
u p t a k e  s i n c e  H + I o n s  a r e .  e x t r u d e d  f r om  c e l l s  as K + i o n s  a r e  
t a k e n  up ( O l s e n  1 953 , J a c k s o n  and  Adams 1 963)  a 1 t h o u g h  P I t m a n  
( 1 9 7 0 )  s u g g e s t e d  t h a t  t h e  e f f e c t  o f  H + may n o t  be d i r e c t .  
R e c e n t  a u t h o r s  ( M a r r e  e t  a l  1974 a , b )  have  p r o p o s e d  t h a t  
c h a n g i n g  t h e  H + c o n c e n t r a t i o n  a r o u n d  t h e  c e l l  may a f f e c t  t h e  
e l e c t r o c h e m i c a l  g r a d i e n t s  I n  s o l u t i o n  and hence  c a t i o n  ( a n d  
a n i o n )  movement  t o  t h e  c e l l .
Ve ry  l i t t l e  w o r k  seems t o  have  been  done on e f f e c t s  
o f  pH on u p t a k e  o f  h ea vy  m e t a l s  by r o o t s  and  t h e  r e s u l t s  i n
the experiment reported here do not support the suggestion
that low pH reduces cation uptake by roots Results with 
tomato, crab grass and lettuce (Arnon and Johnson 1 942) 
suggest very little effect of pH on growth of these species 
over a pH range 4-8. . The results here suggested P. raoiata 
is much more susceptible to high pH than other species. As 
the pH level rose in nutrient solutions, growth was much 
reduced, seedlings became chlorotic and synthesis of photo­
synthetic pigments declined. It seems likely that there was 
physiological damage to roots of seedlings as pH rose. This 
may have led to the reduced metal uptake observed which could 
in turn explain the decline in pigment synthesis, either 
directly through lack of availability of metal essential to 
pigment structure or through reduced activity of metal- 
requiring enzymes involved in pigment synthesis. The recuced 
pigment levels would in turn be expected to reduce growth 
rates.
Effects of metals on photosynthetic pigments
Neither Zn or Cu deficiencies had major effects on 
the photosynthetic pigments assayed. Photosynthesis requires 
Cu (Nason and McElroy 1963, Hill 1973) and Cu is often 
localized In chloroplasts (Kato et a! 1961, Neish 1939). 
Results here suggested that. Cu Is not involved in pigment 
synthesis. Wacker (1962) suggested that the primary effect 
of Zn deficiency was reduction in protein synthesis due to 
derangement of RNA structure which is normally maintained by
Zn and o t h e r  m e t a l s .  R e a u c t i o n  i n  p i g m e n t  s y n t h e s i s  m i g h t  be 
a c o n s e q u e n c e  o f  t h i s ,  b u t  i s  u n l i k e l y  t o  be a p r i m a r y  e f f e c t  
o f  Zn d e f i c i e n c y .
The c h a n g e s  i n  g r o w t h  r a t e  w i t h  Zn and Cu and 
a p p a r e n t  l a c k  o f  e f f e c t s  on N, P o r  p h o t o s y n t h e t i c  p i g m e n t s  
s u g g e s t e d  t h a t  t h e  p r i m a r y  e f f e c t s  o f  d e f i c i e n c y  may be 
r e d u c e d  a c t i v i t y  o f  meta  1 -  r  equ I r  I rig enzymes f o u n d  I n  
m e t a b o l i c  p a t h w a y s  e s s e n t i a l  t o  t h e  g r o w t h  p r o c e s s .
PAPER 2
EFFECTS ÜF ZN AND CU ON HEAVY METALS IN RELATION 
TO THE PROTEIN OF SHOOTS AND ROOTS OF 
PI  NUS RAD I ATA D.DON
ABSTRACT
P. rad  j a t a  s e e d l i n g s  were grown f o r  13 weeks i n  
s o l u t i o n  c u l t u r e s  c o n t a i n i n g  d e f i c i e n t  o r  s u f f i c i e n t  l e v e l s  
o f  Zn o r  Cu. Roo t  and s h o o t  m a t e r i a l  was ass ayed  f o r  t o t a l  
Cu, Zn,  Mn, Fe,  N, P, t o t a l  w a t e r  s o l u b l e  amino  a c i d s  ano 
s u g a r s .  P r o t e i n  was f r a c t i o n a t e d  a t  d i f f e r e n t  pH l e v e l s  ana 
m e ta l  c o n t e n t s  d e t e r m i n e d  i n  each f r a c t i o n .  Most  (SO -  95/») 
o f  each meta l  was e x t r a c t e d  w i t h  t he  p r o t e i n  f r a c t i o n s ,  
s u g g e s t i n g  the  c e l l  w a l l  was o n l y  a m i no r  r e p o s i t o r y  f o r  
m e t a l s .  P r o t e i n  s o l u b l e  I n  w a t e r  o r  i n  t r i - c h l o r o  a c e t i c  
a c i d  a p p ea r e d  t o  be t h e  m a j o r  s t o r a g e  s i t e  I n  r o o t s  f o r  
e x ce ss  heavy  m e t a l .  The l a t t e r  f r a c t i o n  a l s o  a p pe a re d  t o  
c o n t a i n  some m e t a l - r e q u i r i n g  enzymes.  Amino a c i d s  
a c c u m u l a t e d  i n  s h o o t s  when Zn o r  Cu was d e f i c i e n t  b u t  p r o ­
t e i n ,  s u g a r  and P m e t a b o l i s m s  were l i t t l e  a f f e c t e d .  The 
heavy  m e t a l s  d i d  n o t  compete  f o r  u p t a k e  by r o o t s ;  Cu d e f ­
i c i e n c y  i n  f a c t  r e d u c e d  Mn u p t a k e .
INTRCDUCTI ON
Both  Zn and Cu a r e  c o - f a c t o r s  t o  a number o f  p l a n t
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e n z y me s  ( Na s o n  and  Mc E l r o y  1 9 6 3 ) ,  many of  w h i c h  h a v e  b e e n  
i s o l a t e d  and  e x a m i n e d .  M e t a l s  may be h e l d  l o o s e l y  a t  p r o t e i n  
s u r f a c e s  o r  be  a p a r t  o f  t h e  i n t e r n a l  p r o t e i n  s t r u c t u r e  (Li  
1966 ,  Gurd 1 9 7 0 ) .  A number  o f  m e t a l s  a r e  n o r m a l l y  i s o l a t e d  
w i t h  n u c l e i c  a c i d s  f r om b i o l o g i c a l  m a t e r i a l .  Zn,  a t  l e a s t ,  
may Le i n v o l v e d  i n  m a i n t a i n i n g  t h e  c o n f o r m a t i o n a l  s t r u c t u r e  
o f  RNA and  DMA ( h a c k e r  1 9 6 2 ) .
I n t e r a c t i o n s  b e t w e e n  Zn and Cu h a v e  o f t e n  b e e n  
o b s e r v e d  i n  p l a n t s  ( S m i t h  1 9 6 2 ) .  Th e s e  e r r e c t s  may be a t  t h e  
l e v e l  o f  u p t a k e  by t h e  r o o t ,  t r a n s p o r t  t o  t h e  s h o o t  o r  
c h e m i c a l l y  t h r o u g h  c ompounds  w i t h  w h i c h  r n e t a l s  a s s o c i a t e .
When v a r i o u s  m e t a l s ,  I n c l u d i n g  Zn a nd  Cu,  a r e  
p r e s e n t  i n  a d e q u a t e  s u p p l y ,  t h e i r  c o n c e n t r a t i o n  i n  r o o t s  
o f t e n  v a s t l y  e x c e e c s  t h a t  I n  s h o o t s .  Unde r  d e f i c i e n c y  
c o n d i t i o n s  t h e  c o n c e n t r a t  I o n s  I n  b o t h  may be s i m i l a r  (Hawf  
and  Sc h mi d  1967 ,  S m i t h  and S p e c h t  1953,  Lope z  a n d  Graham 
1973 ,  Hi l l  1973,  p r e v i o u s  p a p e r  i n  t h i s  w o r k ) .  T h i s  s u g g e s t s  
t h a t  e x c e s s  me t a l  I s  s t o r e d  i n  r o o t s .
Few a t t e m p t s  h a v e  b e e n  made t o  b r i n g  t o g e t h e r  t h e  
p h y s i o l o g i c a l  and  b i o c h e m i c a l  a s p e c t s  o f  Zn a n d  Cu m e t a D o l i s n  
i n  p l a n t s .  In t h e  e x p e r i m e n t  d e s c r i b e d  h e r e ,  t h e  e r f e c t s  o f  
Zn ano Cu d e f i c i e n c y  on  p r o t e i n ,  a mi n o  a c i d  a n d  s u g a r  
m e t a b o l i s m  i n  P.  r a d i a t a  s e e d l i n g s  we r e  e x a m i n e d  a n d  r e  l a t e c  
t o  t h e  p h y s i o l o g y  o f  s u p p l y  o f  Zn,  Cu,  Mn and  Fe t o  t h e  
s h o o t s  by t h e  r o o t .  The I n t e r a c t i o n s  b e t w e e n  t h e s e  e l e m e n t s  
i n  u p t a k e  by t h e  r o o t  a nd  t r a n s p o r t  t o  t h e  s h o o t  we r e  a l s o
e x a m i n e d .
MATERIALS AND METHOD
E x p e r i m e n t a l
T w o - w e e k - o l d  s e e d l i n g s  o f  p .  r a a i a c a  we re  
t r a n s f e r r e d  t o  n u t r i e n t  s o l u t i o n s  and g r o wn  i n  t h e  g l a s s h o u s e  
as d e s c r i b e d  f o r  t h e  p r e v i o u s  e x p e r i m e n t .  Zn-  and C u - f r e e  
n u t r i e n t  s o l u t i o n s  we re  p r e p a r e o  as d e s c r i b e d  p r e v i o u s l y .  
P o t s  w e r e  p a i n t e d  b l a c k  t o  e x c l u d e  l i g h t  ana p r e v e n t  a l g a l  
g r o w t h  I n  t h e  n u t r i e n t  s o l u t i o n s .
The e x p e r i m e n t  was e s t a b l i s h e d  as a 2 2 f a c t o r i a l  i n  
t h r e e  r a n d o m i s e d  b l o c k s .  Cu was s u p p l i e a  as  CuC l 2 a t  0 o r  
ü . 1 ppm Cu and Zn as Z n $ 0 4 a t  0 o r  0 . 5ppm Zn.  The h i g h e r  c o n ­
c e n t r a t i o n s  o f  t h e s e  e l e m e n t s  we re  f o u n d  t o  be s u f f i c i e n t  f o r  
n o r m a l  g r o w t h  i n  t h e  p r e v i o u s  e x p e r  i i r e n t .
H a r v e s t  and c h e m i c a l  a n a l y s i s
S e e d l i n g s  w e r e  h a r v e s t e d  13 weeks  a f t e r  t h e  
t r e a t m e n t s  we re  a p p l i e d .  T h r e e  r e p l i c a t e s  we re  h a r v e s t e d  f o r  
t o t a l  n u t r i e n t ,  f r e s h  and  ov en  d r y  w e i g h t  a n a l y s e s  and two 
f o r  p r o t e i n ,  a m i n o  a c i d  and s u g a r  a n a l y s e s .  R o o t s  we re  
r i n s e d  w i t h  d e i o n i z e d  w a t e r  b e f o r e  s e p a r a t i n g  s e e d l i n g s  i n t o  
s h o o t s  ana r o o t s .
M a t e r i a l  f o r  t o t a l  n u t r i e n t  a n a l y s i s  was c r i e o  
o v e r n i g h t  i n  a f o r c e d  d r a u g h t  o v e n  a t  b5°C ana w e i g h e d .  
T o t a l  N, P,  Cu,  Zn ,  Mn and  He i n  d r y  s a m p l e s  we re  d e t e r m i n e d  
by t h e  m e t hods  o e s c r i p e d  i n  t h e  p r e v i o u s  e x p e r i m e n t .
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M a t e r i a l  f o r  p r o t e i n  f r a c t i o n a t i o n  was  we i g h e d
f r e s h  and h o m o g e n i z e d  i n  a ' V i r t l s '  h o m o g e n ! z e r  i n  0 , 05%
' P y r o n e g '  ( D i v e r s e y ,  A / A s i a  P t y  L t d ) ,  a c o m m e r c i a l  d e t e r g e n t .  
T e s t s  showed  t h a t  n e i t h e r  t h e  d e t e r g e n t  n o r  t h e  s t a i n l e s s
s t e e l  b l a d e  o f  t h e  homogen  I z e r  c a u s e d  m e t a l  c o n t a m i n a t i o n  o f  
t h e  h o m o g e n a t e .  The h o m o g e n a t e  was  c e n t r i f u g e d  a t  2 o üüg  f o r  
I h r  t i l l  t h e  s u p e r n a t a n t ,  c o n t a i n i n g  t h e  w a t e r  s o l u b l e  p r o ­
t e i n ,  was  c l e a r .  S u c c e s s i v e  e x t r a c t i o n s  o f  t h e  r e s i d u e  we r e  
made a t  70°C f o r  9 h r  w i t h  5% t r i - c h l o r o  a c e t i c  a c i d  (TCA) 
t h e n  f o r  17hr  w i t h  1M NaOH. F u r t h e r  m a t e r i a l  was 
p r e c i p i t a t e d  fromi t h e  NaOH s u p e r n a t a n t  by a c i d i f i c a t i o n  w i t h  
c o n c e n t r a t e d  TIC 1. T h e s e  f r a c t i o n s  a r e  r e f e r r e d  t o  a s  t h e  
s o l u b l e  f r a c t i o n  ( i . e .  s o l u b l e  i n  0 . Q5% P y r o n e g ) ,  TCA s o l ­
u b l e ,  HC 1 i n s o l u b l e  ( i . e .  p r e c i p i t a t i n g  w i t h  HC 1 ) ,  a l k a l i  - 
a c i d  s o l u b l e  and  t h e  f i n a l  r e s i d u e .  The HC 1 i n s o l u b l e  
m a t e r i a l  was r e d i s s o l v e d  i n  a s m a l l  a moun t  o f  1M NaOH.
P r o t e i n  was e s t i m a t e d  I n  e a c h  f r a c t i o n ,  e x c e p t  t h e  
r e s i d u e ,  by r e a u c t i o n  o f  P o l i n  a nd  C l o c a l t e u ' s  r e a g e n t  
( Lowr y  e t  al  1951)  a g a i n s t  s t a n d a r d s  o f  coi t merc  i a 1 b o v i n e  
a l b u m i n  ( C a 1 l. i ochem,  C a l i f o r n i a ) .  Where e x t r a c t e d  f r a c t i o n s  
ha d  b e e n  h e a t e d ,  s t a n d a r d  p r o t e i n  s a m p l e s  we r e  h e a t e d  s i m u l ­
t a n e o u s l y  t o  s t a n d a r d i z e  t h e  a s s a y s .  T o t a l  f r e e  a mi n o  a c i d s  
i n  t h e  s o l u b l e  f r a c t i o n  we r e  e s t i m a t e d  a g a i n s t  l e u c i n e  
s t a n d a r d s  by r e a c t i o n  w i t h  n i n h y d r i n  ( R o s e n  1 9 5 7 ) .  T o t a l  
s u g a r s  I n  t h e  s o l u b l e  f r a c t i o n  w e r e  e s t i m a t e d  by r e a c t i o n  
w i t h  p h e n o l  and  c o n c e n t r a t e d  H2SÜ4 ( B e l l  1955)  a g a i n s t  
g l u c o s e  s t a n d a r d s .  Amou n t s  o f  Cu,  Zn,  Mn ano Fe i n  e a c h  
f r a c t i o n  we r e  e s t i m a t e d  a s  d e s c r i b e d  i n  t h e  p r e v i o u s  e x p e r i -
meri t  a f t e r  a c i d  d i g e s t i o n  o f  t h e  s o l u t i o n s  o r  t h e  
p r e c i p i t a t e d  m a t e r i a l .
A n a l y s i s  and p r e s e n t a t i o n  o f  r e s u l t s
V a r i a n c e  o f  t h e  d a t a  f o r  f r e s h  w e i g h t  ana o v e n  d r y  
w e i g h t  p e r  s e e d l i n g ,  c o n c e n t r a t i o n  and amoun t  p e r  s e e d l i n g  o f  
t o t a l  N, P,  Cu,  Z n ,  Mn and Fe ( c o n c e n t r a t i o n s  r e l a t i v e  t o  
o v e n  d r y  w e i g h t ) ,  t o t a l  p r o t e i n ,  p r o t e i n  i n  e a c h  f r a c t i o n  ana 
a m i no  a c i d s  and s u g a r s  i n  t h e  s o l u b l e  f r a c t i o n  ( c o n c e n ­
t r a t i o n s  r e l a t i v e  t o  f r e s h  w e i g h t )  was a n a l y z e d .  The c o n c e n ­
t r a t i o n  o f  each  m e t a l  r e l a t i v e  t o  t h e  w e i g h t  o f  p r o t e i n  ( o r  
f i n a l  r e s i d u e  w e i g h t )  i n  e a c h  f r a c t i o n  was a l s o  a n a l y z e d .  
F a c t o r s  i n  t h e  a n a l y s e s  we re  Cu l e v e l  i n  t h e  n u t r i e n t  
s o l u t i o n ,  Zn l e v e l  and r e p l i c a t e s .  R e s u l t s  f o r  s h o o t s  and 
r o o t s  we re  a n a l y s e d  s e p a r a t e l y .  As i n  t h e  p r e v i o u s  e x p e r i ­
m e n t ,  a l l  d a t a  w e r e  c o n v e r t e d  t o  l o g a r i t h m s  t o  e n s u r e  homo-  
s c e d a s t i c i t y  and n o r m a l i t y  o f  e r r o r  v a r l a t e s s  r e s u l t s  a r e
r e p o r t e d  b a c k - t r a n s f o r m e d  f r o m  t h e  l o g a r i t h m i c  means.
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A n a l y s e s  o f  v a r i a n c e  w e re  a l s o  cone  on t h e  p r o p o r t ­
i o n  o f  t h e  t o t a l  p r o t e i n  f o u n d  I n  e ac h  f r a c t i o n  ( e x c l u d i n g  
t h e  f i n a l  r e s i d u e )  and t h e  p r o p o r t i o n  o f  t h e  t o t a l  m e t a l  (Cu ,  
Zn ,  Mn o r  Fe)  f o u n d  i n  each  f r a c t i o n  ( i n c l u d i n g  t h e  r e s i d u e ) .  
A r c s i n e / x  t r a n s f o r m a t i o n s  we re  u s e d  t h r o u g h o u t  t o  n o r m a l i z e  
t h e  p r o p o r t i o n s .  G e n e r a l l y ,  v a r i a n c e s  i n  p r o p o r t i o n s  were  
homogeneous  b e t w e e n  s h o o t s  and r o o t s , -  w i t h  o r  w i t h o u t  a 
s u b s e q u e n t  l o g a r i t h m i c  t r a n s f o r m i a t  I o n .  b e c a u s e  o f  p a r t i c u l a r  
I n t e r e s t  i n  t h e  s i g n i f i c a n c e  o f  d i f f e r e n c e s  b e t w e e n  m e t a l
p r o p o r t i o n s  i n  s h o o t s  and r o o t s ,  t h e  p l a n t  p a r t  was I n c l u d e d  
as a f a c t o r  I n  t h e s e  v a r i a n c e  a n a l y s e s *  Where v ^ r l a n c e s  we re  
n o t  homogeneous ,  s h o o t  arid r o o t  d a t a  we re  t r e a t e d  s e p a r a t e l y :  
t h e s e  I n s t a n c e s  a r e  I n d i c a t e d  i n  t h e  r e s u l t s  ( T a b l e  4 ,  
F i g  I D .
R e s u l t s  a r e  p r e s e n t e d  i n  a t a o e l a r  f o r m  where  o n l y  
m a i n  e f f e c t s  we re  g e n e r a l l y  s i g n i f i c a n t  and  as h i s t o g r a m s  
w h e re  i n t e r a c t i o n s  b e t w e e n  t h e  f a c t o r s  o f  t h e  a n a l y s e s  were  
s i g n i f i c a n t .  When c o m p a r i s o n s  b e t w e e n  s e v e r a l  means we re  
n e c e s s a r y  a f t e r  s i g n i f i c a n t  d i f f e r e n c e s  we re  o b s e r v e d  i n  
F t e s t s  f r o m  v a r i a n c e  a n a l y s e s ,  t h e  l e a s t  s i g n i f i c a n t  
d i f f e r e n c e  t e s t  was us ed  as  d e s c r i b e d  i n  t h e  p r e v i o u s  p a p e r .
T a b l e  1 shows t h e  m a i n  e f f e c t s  o f  Zn and Cu l e v e l s  
i n  t h e  n u t r i e n t  s o l u t i o n s  on s e e d l i n g  w e i g h t s ,  c o n c e n t r a t i o n s  
and t o t a l  amoun ts  I n  s h o o t s  and r o o t s  o f  n u t r i e n t s  ( h ,  P,  Cu,  
Zn,  Mn,  F e ) ,  t o t a l  p r o t e i n  and p r o t e i n  i n  t h e  i n d i v i d u a l  
f r a c t i o n s  a s s a y e d ,  r e s i d u e  l e f t  a f t e r  f r a c t i o n a t i o n  and 
s u g a r s  and am i no  a c i d s  e x t r a c t e d  w i t h  t h e  s o l u b l e  f r a c t i o n .  
I n  t h e  few c a s e s  wh er e  t h e  i n t e r a c t i o n  b e t w e e n  Zn anc  Cu 
l e v e l s  w e r e  s i g n i f i c a n t ,  t h e  r e s u l t s  a r e  shown i n  T a b l e  2.
F i g s  1 -8  show t h e  c o n c e n t r a t i o n s  o f  t h e  h e a vy  
m e t a l s  e x t r a c t e d  i n  e ac h  f r a c t i o n  e x p r e s s e c  r e l a t i v e  t o  t h e  
w e i g h t  o f  p r o t e i n  e x t r a c t e d  i n  t h a t  f r a c t i o n .  A l o n g s i d e  t h e  
i n f o r m a t i o n  f o r  e ac h  e x t r a c t e d  f r a c t i o n  a r e  shown t h e  f a c t o r s  
( Z n ,  Cu o r  Zn x Cu) w h i c h  we re  s i g n i f i c a n t  i n  t h e  v a r i a n c e  
a n a l y s e s ,  t o g e t h e r  w i t h  t h e  p r o b a b i 1 i t y  l e v e l s  auove  w h i c h  
t h e y  we re  s i g n i f i c a n t  ar ia an i n d i c a t i o n  o f  a n y  c h a n g e s  i n
iiti
s c a l e  used  f o r  t h e  d a t a  i n  t h a t  f r a c t i o n .  Where t h e  i n t e r a c ­
t i o n  was s i g n i f i c a n t ,  r e s u l t s  o f  t h e  l e a s t  s i g n i f i c a n t  
c i  f f e r e n c e  t e s t  a r e  shown w i t h  l e t t e r s  a d j a c e n t  t o  t h e  
h i s t o g r a m s .  f i n a l l y ,  F i g s  9 - 1 2  show t h e  p r o p o r t i o n  o f  t h e  
t o t a l  m e t a l  f o u n d  i n  eac h  p r o t e i n  f r a c t i o n .  As d i s c u s s e d  
a b o v e ,  t h e  p l a n t  p a r t  ( s h o o t  o r  r o o t . )  was i n c l u d e d  i n  t h e s e  
v a r i a n c e  a n a l y s e s .
RESULTS 
l ie i g h t
Cu d e f i c i e n c y  i n  t h e  e x t e r n a l  s o l u t i o n  y i e l d e d  
n o n - s i g n i f i c a n t  r e d u c t i o n s  I n  o v e n  d r y  w e i g h t  p e r  s e e d l i n g  i n  
s h o o t s  and r o o t s  ( T a b l e  1 ) .  Had t h e  e x p e r i m e n t  c o n t i n u e d  
l o n g e r ,  t h e  d e f i c i e n c y  w o u l d  p r o b a b l y  hav e  s i g n i f i c a n t  1y 
r e d u c e d  g r o w t h .  Zn d e f i c i e n c y  s i g n i f I  c a n t  1y r e d u c e d  o v e n  d r y  
w e i g h t  p e r  s e e d l i n g  o f  s h o o t s ,  b u t  t h e  e f f e c t  was n o t  l a r g e  
eno ugh  t o  s i g n i f i c a n t l y  r e d u c e  r o o t  d r y  w e i g h t  ( T a b l e  1 ) .
R o o t s  o f  s e e d l i n g s  g r o w n  i n  s o l u t i o n s  l a c k i n g  b o t h  
Zn and Cu a p p e a r e d  n o n - v l g o r o u s ,  l a c k e d  w h i t e  t i p s  and were  
q u i t e  l i m p .  L a t e r  e x p e r i m e n t s  a s s o c i a t e d  t h e s e  symptoms w i t h  
a d a m p i n g - o f f  f u n g u s  ( s u s p e c t e d  P y t h i u r n  s p ) , b u t  i t  was n o t  
o b v i o u s  i f  t h i s  a p p l i e d  h e r e .  S h o o t s  showed some l o s s  o f  
v i g o u r  and c o l o u r .  T a b l e  2 shows t h e r e  was a s i g n i f i c a n t  
r e d u c t i o n  i n  f r e s h  w e i g h t  p e r  s e e d l i n g  o f  s h o o t s  and  r o o t s  
w i t h  t h e  c o m b i n e d  d e f i c i e n c y .  T h i s  e f f e c t  d i d  n o t  a p p e a r  
w i t h  o v e n  d r y  w e i g h t ,  a l t h o u g h  t h e r e  was a sma 1 1, non ­
s i g n i f i c a n t  d e c r e a s e  ( T a b l e  2 ) .  T h i s  s u g g e s t s  t h a t  a t  t h e
T a b l e  1 M a i n  e f f e c t s  o f  Zn and Cu l e v e l s  i n  n u t r i e n t  
s o l u t i o n s  on t h e  p a r a m e t e r s  m e a s u r e d  i n  t h i s  e x p e r i m e n t .  The 
e f f e c t s  on c o n c e n t r a t i o n s  ( Cone )  and t o t a l  a m o un t s  ( W t )  p e r  
s e e d l i n g  o f  n u t r i e n t s ,  p r o t e i n ,  s u g a r s  ana a m i n o  a c i d s  a r e  
shown t o g e t h e r  w i t h  t h e  l e v e l  o f  s i g n i f i c a n c e  ( p < )  o f  t h e  
c i  f f e r e n c e s  b e t w e e n  means I n  v a r i a n c e  a n a l y s e s .  Fo r  s e e d i n g  
f r e s h  w e i g h t  ( FW) ,  o ven  d r y  w e i g h t  ( ÜDW) and n u t r i e n t s ,  each  
v a l u e  shown i s  t h e  mean o f  s i x  o b s e r v a t i o n s ,  and f o r  
p r o t e i n s ,  amino  a c i a s  and  s u g a r s  e ac h  v a l u e  I s  t h e  mean o f  
f o u r  o b s e r v a t i o n s .  Means a r e  b a c k - t r ans  f o r m e d  f r o m  l o g ­
a r i t h m s  ( s e e  t e x t ) .
FW and 0 0 W m ea su r ed  i n  g p e r  s e e d l i n g .  C o n c e n t r a t i o n s  o f  N, 
P and p r o t e i n  I n  rng/g r e l a t i v e  t o  QDW ( N , P )  o r  FW ( p r o t e i n )  
and t o t a l  am ou n ts  i n  nig p e r  s e e d l i n g .  For  s u g a r s  ana  a m i n o  
a c i d s ,  c o n c e n t r a t i o n s  i n  ^umoles  p e r  g o f  FW and t o t a l  am ou n ts  
i n  yumoles pe r  s e e d l i n g .  F o r  Cu,  Zn,  Mn ana Fe,  c o n c e n ­
t r a t i o n s  i n  ppm r e l a t i v e  t o  ÜDW and t o t a l  a m o u n t s  i n  / j g  p e r  
s e e d l i n g .  S t s  -  S h o o t s ,  R t s  = R o o t s ,  Sol  -  S o l u b l e ,  
A i k  = A l k a l i .  *  The Zn x Cu i n t e r a c t i o n  was s i g n i f i c a n t ,  
see T a b l e  2 . ______ _____________________________________
Cone Zn I n 
e x t e r n a  1 
s o l u t i o n  
( Ppm)
0 . 5
S i g n i f  
i c a n c e
Cone Cu i n  
e x t e r n a  1 
s o l u t i o n  
( ppm)
0 . 1
S i g n !  f  
i c a n c e
F W S t s 1 . 0 6 1 .43 * 1 . 13 1 . 3 4 *
F W R t s . 5 2 . 67 * . 5 0 . 7 0 *
ODW S t s . 2 4 . 2 9 . 0 2 5 . 2 5 . 2 6 NS




19.1 21 .1 * 16 . 6 2 1 . 6 *




1 7 . 9 17.3 NS 1 7 . 6 1 7 . 3 NS




4 . 6 4 4 . 71 NS 4 . 4o 5 . 0 9 NS




6 . 9 7 6 . 4 6 . 0 5 7 . 3 6 6 . 01 NS




3 . 7 3 . 3 NS 2 . 0 6 . 0 . 001
Wt . 66 . 9 6 NS .51 1 . 6 6 .001
T a b l e  1 c o n t i n u e d  o v e r l e a f .
Table 1 (coneinued)











0 .  1
S i g n i t 
icance
Cone 6 * b - 9.0 NS 3.3 16.6 . 001
C u Rt s
Wt .45 .62 NS .21 1.32 .001
Cone 15.5 . . 001 33.7 31.1 NS
Zn Sts
lit 3.7 19.5 .001 6.4 6.6 NS
Cone 23. 321. -.001 95. 77. NS
Zn Rts
Wt 1.5 22. 1 . 001 .6.1 5.5 NS
Cone 203. 216. * NS 172. 256. -. 005
Mn Sts
lit 48.4 62.6 NS 43.0 70.5 .01
Cone 175. 314. NS 96. 572. . 001
Mn Rts
lit 11.5 21.6 NS 6. 1 40.7 ..001
Cone 134. 112. NS 124. 121. NS
Fe Sts
Wt 3 2 . G 32.4 NS 31.0 33.4 NS
Cone x , 1 775. 795. NS 865 • 711. NS
Fe Rts
Wt 511. 548. NS 553. 506. NS
Cone 28.2 17.2 * 24.5 19.9 3>V
So) amino acids Sts
Wt 28.6 .25.2 * 28.0 25.9 it
Cone 6.78 6.63 NS 4.96 9.07 NS
Sol ami no acids Rts
Wt 3.37 4.40 NS 2. 27 6.53 NS
Cone 9.12 6.01 .05 9.50 7.70 .01
Sol sugars Sts
Wt 9.3 • .11.7 NS 10.9 10.0 NS
Cone 4.45 3.78 NS 4.57 3.68 NS
Sol sugar s Rts
Wt 2.21 2.51 NS 2.09 2.65 NS
Table 1 continued overleaf
T a b l e  1 ( c o n i i n u e d )
Cone Zn In  
e x t e r n a  1 
s o l u t i o n  
( ppm)
0 . 5
S l g n l i
/ c a n c e
Cone Cu i n 
e x t e r  n a 1 
so  1u t i o n  
( ppm)
0 .  1
S i g  n 1 f 
i c a n c e
I o t a  1 p r o t e i n
Cone
S t s
4 6 . 1 .3 0 . 0 . 001 3 9 . 7 . 3 4 . 6 NS
Wt 4 7 . 1 4 3 . 5 NS 4 5 . 4 4 5 . 1 NS
T o t a l  p r o t e i n
Cone
R t s
2 0 . 4 1 2 . 6 . . 001 1 7 . 8 1 4 . 4 NS
Wt 1 0 .  1 a . 4 NS a . 2 10 . 4 NS
Sol  p r o t e i n
Cone
S t s
1 3 . 3 9 . 4 NS 1 4 . 2 a . a NS
lit 1 3 .7 13 . 7 NS 1 6 . 2 11 .5 NS
So 1 p r o t e i n
Cone
R t s
a . 64 6 . 2 5 . 0 5 b . 65 6 . 3 9 . 0 5
lit 4 . 3 9 4 . 15 NS 3 . 9 6 4 . 6 0 NS
TCA s o l  p r o t e i n
Cone
S t s
4 . 0 9 2 . 0 0 . 0 2 5 3 . 5 2 2 . 3 3 . 0 5
h t 4 . i d 2 . 9 2 NS 4 . 02 3 . 0 3 NS
TCA s o l  p r o t e 1n
Cone
R t s
1 . 5 6 . 99 . 0 2 5 1 . 5 2 1 . 0 2 . 0 2 5
Wt . 7 7 5 • 660 NS . 6 9 6 . 7 3 6 NS
HC 1 i n s o l  p r o t e i n
Cone
S t s
2 3 . 8 15 . 3 . 001 l b . 1 2 0 . 1 NS
Wt 2 4 . 4 2 2 . 4 NS 2 0 . 7 2 6 . 3 NS
h C 1 i n s o 1 p r o t e i n
Cone
R t s
4 . 0 0 2 . 6 7 .01 3 . 6 0 3 . 0 2 . 0 2 5
Wt 1 . 9 9 1.91 NS 1 . 7 4 2 . 1 b NS
A 1k - a c i d  p r o t e i n
Cone
S t s
4 . 1 0 2 . 4 7 . 0 5 3 . 3 1 3 . 0 6 NS
Wt 4 . 1 9 3 . 6 1 NS 3 . 7 9 3 . 9 9 NS
A 1 k - a c l d  p r o t e i n
Cone
R t s
5 . 6 1 2.41 .01 3 • 66 3 . 6 2 NS
lit 2 .  ob 1 . 6 0 NS 1 . 6 6 2 . 7 5 NS
R e s i c u e
Cone
S t s
6 5 . 0 6 7 . 3 NS C O .  O 6 3 . 5 NS
Wt 6 3 . 1 2 1 . . NS 1 0 7 . 119 . NS
R e s i a u e
Cone
R t s
4 0 . 0 3 9 . 1 NS 3 9 . 1 4 6 . 0 NS
lit 4 1 . 2 5 6 . 2 NS 4 4 . 3 5 3 . 2 NS
L U
T a b l e  2 Data  s i m i l a r  t o  t h o s e  o f  T a b l e  1, b u t  showi ng  
t h e  e f f e c t s  o f  t h e  i n t e r a c t i o n  be tween  Zn and Cu 
l e v e l s  In t h e  n u t r i e n t  s o l u t i o n  on p a r t i c u 1a r . param­
e t e r s ,  Means w h i c h  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  I n  
t he  l e a s t  s i g n i f i c a n t  d i f f e r e n c e  t e s t ,  have s i n , l i a r  
l e t t e r s  b e s i d e  them.
Zn and Cu l e v e l s  
s o l u t i o n  ( ppm)
i n
S i g n !  f
Zn 0 
Cu 0




Zn 0 .5  
Cu 0.  1
I c a n c e  
( P<)
FW S t s . 9 2 1 .39a 1 .22a 1.47a .05
FW R t  s .34 . 7  2a . 7 9 a . 62a .01
ODW S t s .22 . 2 8 . 26 . 2 9 iNiS




16.6 2 0 . 7 a 2 1 . 8 a 2 1 . 4 a .05
Wt 3 . 6 6 5 . 89 a 5 . 64a 6 . 3 1 a .05
Sol  amino a c i a s
Cone
S t s
24.  l a 2 4 . 9 a 33.  Da 12.0 . 0 5
Wt 2 1 . öbc 3 6 . Oab 3d.  l a 17 .6c .025
ut i m e  o f  h a r v e s t ,  t h e  main  l o s s  cue t o  t h e  c o m b i nea Zn and Cu 
d e f i c i e n c y  had been i n  t u r g o r  n o t  d r y  w e i g h t ,  w h i c h  i m p l i e s  
g r o w t h  was n o t  s e v e r e l y  i m p a i r e d  u n t i l  s h o r t l y  b e f o r e  t he  
h a r v e s t .  F u r t h e r  r e s u l t s  were c o n s i d e r e d  w i t h  t he s e  e f f e c t s  
i n  m i nd .
i o t a !  p h o s p h o r u s  and s o l u b l e  s u g a r s
There were no s i g n i f i c a n t  e f f e c t s  o f  Zn o r  Cu d e f ­
i c i e n c y  on t r a n s p o r t  o f  P t o  s h o o t s  o r  r a t e  o f  s y n t n e s i s  o f  
s o l u b l e  s u g a r s  i n  s h o o t s  and t r a n s f e r  t o  r o o t s  ( T a b l e  1 ) .  Zn 
d e f i c i e n c y  s i g n i f i c a n t l y  r e d u c e d  P u p t a k e  by r o o t s ,  b u t  Cu 
d e f i c i e n c y  had no s i g n i f i c a n t  e f f e c t s  ( T a b l e  1)
T o t a l  N, amino a c i d s  and p r o t e i n
T o t a l  N i n  t h e  s e e d l i n g s  was l i t t l e  a f f e c t e d  by t h e  
i n d i v i d u a l  Zn or  Cu d e f i c i e n c i e s  i n  s h o o t s  o r  r o o t s  
( T a b l e  1 ) ,  The combined  Zn and Cu d e f i c i e n c y  r ed uc e d  t o t a l  N 
i n  s h o o t s  ( T a b l e  2 ) ,  b u t  had no s i m i l a r  e f f e c t  I n  r o o t s .
There  were no s i g n i f i c a n t  e f f e c t s  o f  e i t h e r  meta l  
d e f i c i e n c y  o r  t h e  comb ined  d e f i c i e n c y  on t h e  amount  p e r  s ee d­
l i n g  o f  t o t a l  e x t r a c t e d  p r o t e i n  ( t h e  sum o f  the  p r o t e i n  i n  
each f r a c t i o n )  ( T a b l e  1 ) .  The r e  were some s i g n i f i c a n t  
e f f e c t s  on t o t a l  p r o t e i n  c o n c e n t r a t i o n ,  b u t  t h e s e  r e f l e c t e d  
o n l y  c hanges  i n  s e e d l i n g  w e i g h t  w i t h  m e t a l  d e f i c i e n c i e s .  
T ha t  i s ,  t h e r e  were no s i g n i f i c a n t  e f f e c t s  o f  me ta l  d e f ­
i c i e n c y  on t o t a l  p r o t e i n  s y n t h e s i s .  S i m i l a r l y ,  t h e r e  were no
s u b s t a n t i a l  e f f e c t s  o f  s o l u t i o n  Zn or  Cu l e v e l s  on l e v e l s  o f  
p r o t e i n  f ound  I n  t he  i n d i v i d u a l  f r a c t i o n s  ( l a b l e  1 ) .
Bot f i  Zn and Cu d e f i c i e n c i e s  s i g n i f i c a n t l y  i n c r e a s e d  
t h e  c o n c e n t r a t i o n  and t o t a l  amount  per  s e e d l i n g  o f  s o l u b l e  
amino a c i d s  i n  s h o o t s  ( T a b l e  2)  b u t  had no s i g n i f i c a n t  
e f f e c t s  i n  r o o t s  ( T a b l e  ] ) .  .
T a b l e  3 The p r o p o r t i o n s  o f  t h e  t o t a l  p r o t e i n  o f  s h o o t s  o r  
r o o t s  f ound  i n  d i f f e r e n t  e x t r a c t e d  f r a c t i o n s  (%) .  
The r e s u l t s  show t h e  main  e f f e c t s  o f  p l a n t  p a r t  
( s h o o t  o r  r o o t )  i n  v a r i a n c e  a n a l y s i s .  Each r e s u l t  
i s  meaned o v e r  e i g h t  o b s e r v a t i o n s  and I s  b a c k -  
t r a n s f o r m e d  f rom a l og  ( a r c s l n ( f x ) )  t r a n s f o r m a t i o n  
( s e e  t e x t ) .  S e p a r a t e  a n a l y s e s  were done f o r  each 
f r a c t i o n .  The s i g n i f i c a n c e  ( p < )  o f  t he  d i f f e r e n c e s  
be tween p r o p o r t i o n s  f o u n d  i n  s h o o t s  and r o o t s  i s  
a l s o  shown.
P r o t e i n t r a c t i o n
S o l u b l e TCA
s o l u b l e
HC 1 i n -  
s o l u b l e
A l k a l i -  
ac i d 
s o l u b l e
S h o o t s 3 0 . 4 7 .7 3 1 . 6 C • CTN
R o o t s A6.Ö 7 .6 2 0 . 6 23.  1
S1g n i f 1c a nc e  
( P < )
. 005 NS . 0 5 . 001
T h i s  s u g g e s t s  b o t h  d e f i c i e n c i e s  l e d  t o  a o u i l d  up o f  s o l u b l e  
amino a c i d s  i n  s h o o t s  b u t  had l i t t l e  e f r e c t  I n  r o o t s .  The 
combined  Zn ana Cu d e f i c i e n c y  d i d  n o t  show as marked an 
i n c r e a s e  i n  s h o o t s  as t h e  i n d i v i d u a l  d e f i c i e n c i e s  ( T a b l e  2) 
b u t  t h i s  may be an e f f e c t  o f  d i s t u r b e d  m e t a b o l i s m  due t o  
f u n g a l  e f f e c t s  on t h e s e  s e e d l i n g s  ( s e e  a b o v e ) .
Most  ( 70-60%)  o f  t h e  p r o t e i n  was fo un d  i n  the  s o l ­
u b l e  and HC 1 i n s o l u b l e  f r a c t i o n s  ( T a b l e  3 ) .  The HC 1 I n s o l -
63
ü b l e  p r o t e i n  ^ a s  p r e s e n t  i n  h i g h e r  p r o p o r t i o n  i n  s h o o t s  t h a n  
r o o t s ,  w h i l e  t h e  s o l u b l e  and a l k a l i - a c i d  s o l u b l e  p r o t e i n  we re  
s i g n i f i c a n t l y  raore p r o m i n e n t  i n  r o o t s  t h a n  s h o o t s .  TCA s o l ­
u b l e  p r o t e i n  was p r e s e n t  i n  s i m i l a r  p r o p o r t i o n s  i n  b o t h  r o o t s  
and s h o o t s .
Copper
Cu d e f i c i e n c y  s i g n i f i c a n t l y  r e d u c e d  t h e  c o n c e n ­
t r a t i o n  and t o t a l  amoun t  o f  Cu i n  s h o o t s  and r o o t s  ( f a b l e  1 ) ,  
s h o w i n g  r e d u c e d  Cu u p t a k e  by r o o t s  and t r a n s p o r t  t o  s h o o t s .  
The s e e d l i n g s  i n  Cu d e f i c i e n t  s o l u t i o n s  had Cu c o n c e n t r a t i o n s  
b e l o w  t h o s e  r e q u i r e d  f o r  u n i m p a i r e d  g r o w t h  (6ppm I n  s h o o t s  
and 20ppm i n  r o o t s  as f o u n d  i n  t h e  p r e v i o u s  e x p e r i m e n t ) .  A t  
t h e  h i g h e r  Cu l e v e l ,  Cu c o n c e n t r a t i o n  i n  r o o t s  f a r  e x c e e d e d  
t h a t  i n  s h o o t s  ( T a b l e  1) w h i l e  a t  t h e  Cu d e f i c i e n t  l e v e l ,  t h e  
c o n c e n t r a t i o n s  i n  s h o o t s  and r o o t s  we re  s i m i l a r ,  a l t h o u g h  
s l i g h t l y  h i g h e r  i n  r o o t s .
The p r o p o r t i o n  o f  t h e  t o t a l  Cu f o u n d  i n  t h e  TCA 
s o l u b l e  f r a c t i o n  i n c r e a s e d  s i g n i f i c a n t l y  i n  r o o t s  and  non-  
s i  g n i f i c a n t  1y i n  s h o o t s  w i t h  Cu d e f i c i e n c y  ( F i g  9 ) .  T h e r e  
w e r e  no s i g n i f i c a n t  e f f e c t s  i n  o t h e r  f r a c t i o n s .  A b o u t  9ü% o f  
t h e  t o t a l  Cu i n  r o o t s  and s h o o t s  was f o u n d  i n  t h e  e x t r a c t e d  
f r a c t i o n s  and r e l a t i v e l y  l i t t l e  I n  t h e  r e s i d u e  ( T a b l e  ^*).  I n  
s h o o t s ,  a s i g n i f i c a n t l y  h i g h e r  p r o p o r t i o n  o f  t h e  t o t a l  Cu was 
f o u n d  i n  t h e  FiC 1 i n s o l u b l e  f r a c t i o n  and r e s i d u e  t h a n  i n  t h e  
r o o t s ,  w h i l e  t h e  r e v e r s e  was t r u e  I n  o t h e r  f r a c t i o n s
( T a b l e  k ) , ,
Table 4 The main er feet of plant part (dhoot or' root) 
on the proportion (A) of the total metal foune 1n the 
extracted iractions (see discussion in the text or 
the validity of the analyses). Each value is the 
mean of eight observations. The significance of the 
differences between means in variance analysis is
also shown. SOL - Soluble fraction, TCA = TCA sol-
uble fraction, HCL - Fid inso1ub1e f rac t i on,
A-A = Alkali- aci c soluble frac tion, RES = Residue,
Sts = Shoots, R ts - F< oo t s.
Protein fraction
SOL TCA HCL A-A RES
Sts 20. Ü 11.5 41.4 12.6 14.7
Cu
Rt s 29.8 31.6 15.4 20. 1 4. 1
Significance ( P < ) . 05* .01* . 001 . 005 .001
Sts 67.0 20.2 4.4 5.6 2.9
Zn
R ts 54.0 31.9 2. 1 7.0 3.2
Significance ( p <) .025 .025 .025 NS NS
Sts 86.3 1 0.7 1.0 0.7 1 . 1
Tin
Rt s 73.9 20.0 0. 1 2.0 2.9
SignifIcance (P < ) . 01 * . 001 .01* .01* .005
Sts 15.9 54.9 0. 1 0. 1 29.9Fe
R ts 14.6 67.6 0. 2 3.2 14.2
Significange (P<) NS .05 i\IS .01 .025
Variances between data for roots ana shoots were not 
homogeneous. The technique for analysis of hetero- 
scedastic data given by Sokal and Rohlf (1969) was 
used.
F i g s  1 - 12  C o n c e n t r a t i o n s  o f  m e t a l s  r e l a t i v e  t o  p r o t e i n  
i n  e x t r a c t e d  f r a c t i o n s  and p r o p o r t i o n s  o f  m e t a l s  i n  e x t r a c t e c  
f r a c t i o n s  ( s e e  d i s c u s s i o n  I n  t e x t ) .  SOL -  S o l u b l e  f r a c t i o n ,  
TCA = TCA s o l u b l e  f r a c t i o n ,  HCL -  HC 1 i n s o l u b l e  t r a c t i o n ,  
A- A  = A l k a l i - a c i d  s o l u b l e  f r a c t i o n ,  RES -  R e s i a u e .  Co n c ­
e n t r a t i o n s  o f  Zn i n  n u t r i e n t  s o l u t i o n s  shown as  Zn C 
( i . e .  Oppm) o r  Zn . 5 .  S i g n i f i c a n c e  o f  e f f e c t s  shown as ,  
e . g .  Cu < . 0 5 ,  i . e .  t h e  ma i n  e f f e c t  o f  Cu was s i g n i f i c a n t  w i t h  
p < . 05.
SOL TCH HCL A-A RES
CU <.01 CU « .0 2 5  
SCALE X .1ZN <.01
ZN .5ZN . 5  ZN 0ZN . 5  ZN 0ZN . 5  ZN 0 ZN .S
B cuor„
□  Cu,rf ,
, CONC. OF CD IN
r I G  1 SHOOTS RELATIVE TO
PROTEIN OR RESIDUE 
WEIGHT (PPM X10'2)
SOL TCA HCL A-A RES
ZN < .0S NS
SCALE X .01
ZN X CU <.0S  ZN X CU < .0 2S  CU <.0S
1 . 0 ,





.  CONC. OF CU IN
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PROTEIN OR RESIDUE 
WEIGHT (PPM X 1 0 ' 3 )
SQL TC A HCL f l - f l  RES
SCALE X .01ZN <.01
SCALE X .
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CONC. OF ZN IN 
ROOTS RELATIVE TO 
PROTEIN OR RESIDUE 
WEIGHT (PPM X 1 0 ' J )
SOL TCA HCL A- A RES
ZN X CU < . 0 2 5  ZN X CU < . 0 5  NS
.SCALE X .01  .SCALE X .1
NS
SCALE X .01
ZN .5ZN . 5  ZN 0ZN . 5  ZN 0ZN . 5  ZN 0ZN . 6  ZN 0
B cuorf,
□  cu,rr.
c CONC. OF MN IN
F IG  5 SHOOTS RELATIVE TO
PROTEIN OR RESIDUE 
WEIGHT (PPM X 1 0 ' 3 )
A-A RESSOL TCfl HCL
H cVr,
□ cu„r.
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SOL TCA HCL f l - f l RES
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F I G  12 PR O P N .  OF TOTAL  FE OF SHOOTS AND ROOTS  
I N  V A R I O U S  E X T R A CT ED  
F R A C T I O N S  ( X  X 1 0 1)
Cu d e f i c i e n c y  r e d u c e d  t h e  c o n c e n t r a t i o n  o f  Cu 
r e l a t i v e  t o  t h e  p r o t e i n  i n  t h e  HC 1 i n s o l u b l e  f r a c t i o n  i n  
s h o o t s  and r o o t s  and r e l a t i v e  t o  t h e  r e s i d u e  i n  s h o o t s  
( F i g s  1 , 2 ) .  Zn d e f i c i e n c y  r e d u c e d  t h e  c o n c e n t r a t i o n  o f  Cu 
r e l a t i v e  t o  t h e  a l k a l i - a c i d  s o l u b l e  p r o t e i n  i n  r o o t s  ( F i g  2 ) .  
b o t h  Zn and Cu d e f i c i e n c i e s  r e d u c e a  t h e  c o n c e n t r a t i o n  o f  Cu 
r e l a t i v e  t o  t h e  p r o t e i n  i n  t h e  a l k a l i - a c i d  s o l u b l e  f r a c t i o n  
i n  s h o o t s  and t h e  s o l u b l e  and TCA s o l u b l e  f r a c t i o n s  I n  r o o t s .  
The e f f e c t s  i n  t h e  l a t t e r  f r a c t i o n s  a p p l i e d  o n l y  I f  t h e  o t h e r  
m e t a l  we re  i n  a d e q u a t e  s u p p l y  ( F i g s  1 , 2 ) .
Z i nc
Zn d e f i c i e n c y  s i g n i f i c a n t l y  r e d u c e d  t h e  t o t a l  
amoun t  and c o n c e n t r a t i o n  o f  Zn i n  s h o o t s  and r o o t s  ( T a b l e  1 ) ,  
s h o w i n g  r e d u c e d  Zn u p t a k e  by r o o t s  and  t r a n s p o r t  t o  s h o o t s .  
S e e d l i n g s  i n  Zn d e f i c i e n t  s o l u t i o n s  had Zn c o n c e n t r a t i o n s  I n
s h o o t s  and r o o t s  b e l o w  t h e  l e v e l s  r e q u i r e d  f o r  u n i m p a i r e d  
g r o w t h  (30ppm i n  s h o o t s  and 70ppm i n  r o o t s  as f o u n d  i n  t h e  
p r e v i o u s  e x p e r i m e n t ) .  C o n c e n t r a t i o n  o f  Zn i n  r o o t s  was 
s l i g h t l y  h i g h e r  t h a n  i n  s h o o t s  when Zn was d e f i c i e n t ,  b u t  was 
v e r y  much g r e a t e r  i n  r o o t s  t h a n  s h o o t s  when Zn was s u f f i c i e n t  
( T a b l e  1 ) .
When Zn was d e f i c i e n t ,  t h e  p r o p o r t i o n  o f  Zn i n  t h e  
s o l u b l e  f r a c t i o n  d e c r e a s e d  s i g n i f i c a n t l y  ana i n c r e a s e d  i n  a l l  
o t h e r  f r a c t i o n s  i n  b o t h  s h o o t s  and r o o t s  ( F i g  1 0 ) .  I n  
s h o o t s ,  a s i g n i f i c a n t l y  h i g h e r  p r o p o r t i o n  o f  t h e  t o t a l  Zn was 
f o u n d  i n  t h e  s o l u b l e  and HC1 I n s o l u b l e  f r a c t i o n s  t h a n  i n  
r o o t s ,  w h i l e  i n  t h e  TCA s o l u b l e  f r a c t i o n  more Zn was p r e s e n t  
i n  t h e  r o o t  f r a c t i o n  t h a n  t h e  s h o o t  ( T a b l e  4 ) .  The b u l k  
( a b o u t  85%) o f  t h e  t o t a l  Zn o f  s h o o t s  and r o o t s  was e x t r a c t e d  
w i t h  t h e  s o l u b l e  and TCA s o l u b l e  f r a c t i o n s .
C o n c e n t r a t i o n  o f  Zn r e l a t i v e  t o  t h e  s o l u b l e  anG TCA 
s o l u b l e  p r o t e i n  was s i g n i f i c a n t l y  r e d u c e d  w i t h  Zn d e f i c i e n c y  
I n  s h o o t s  and r o o t s  ( F i g s  3 , 4 ) ,  e v e n  t h o u g h  t h e  p r o p o r t i o n  o f  
Zn I n  t h e  TCA s o l u b l e  f r a c t i o n  had i n c r e a s e d  w i t h  Zn 
d e f i c i e n c y  ( F i g  1 0 ) .  I n  t h e  HC 1 i n s o l u b l e  f r a c t i o n ,  t h e  
r e d u c t i o n  o c c u r r e d  o n l y  I n  r o o t s  ( F i g  4 ) .
Cu a e f i c i e n c y  had no s i g n i f i c a n t  e f f e c t s  on  t o t a l  
Zn ( T a b l e  1 ) ,  o r  Zn h e l d  i n  v a r i o u s  f r a c t i o n s  ( F i g s  3 , 4 , 1 0 ) .
Manganese
Cu d e f i c i e n c y  s i g n i f i c a n t l y  r e d u c e d  t h e t o  t a  1
71
amoun t  and c o n c e n t r a t i o n  o f  Mn i n  s h o o t s  and  r o o t s  ( f a b l e  l ) ,  
s u g g e s t i n g  r e d u c e d  Mn u p t a k e  by r o o t s  ar id t r a n s p o r t  t o  
s h o o t s .  R o o t  Mn c o n c e n t r a t i o n  s u b s t a n t i a l l y  e x c e e d e d  s h o o t  
c o n c e n t r a t i o n  when Cu was i n  a d e q u a t e  s u p p l y ,  w h i l e  s h o o t  
c o n c e n t r a t i o n  e x c e e d e d  r o o t  c o n c e n t r a t i o n  when Mn 
a v a i l a b i l i t y  was r e d u c e d  by  Cu d e f i c i e n c y  ( T a b l e  1 ) .
A b o u t  95% o f  t h e  Mn was e x t r a c t e d  w i t h  t h e  s o l u b l e  
and TCA s o l u b l e  f r a c t i o n s  ( T a b l e  k ) .  I n  t h e  TCA and a l k a l i -  
a c i d  s o l u b l e  f r a c t i o n s ,  and i n  t h e  r e s i d u e ,  a s i g n i f i c a n t l y  
h i g h e r  p r o p o r t i o n  o f  t h e  t o t a l  Mn was f o u n d  i n  r o o t s  t h a n  
s h o o t s ,  w h i l e  more  was i n  s h o o t s  t h a n  r o o t s  i n  t h e  s o l u b l e  
f r a c t i o n  ( T a b l e  k ) .  The o n l y  s i g n i f i c a n t  e f f e c t  o f  Zn o r  Cu 
d e f i c i e n c i e s  on  t h e  p r o p o r t i o n  o f  Mn f o u n d  i n  t h e  v a r i o u s  
f r a c t i o n s ,  was a r e d u c t i o n  i n  t h e  HC 1 i n s o l u b l e  f r a c t i o n  w i t h  
t h e  c o m b i n e d  d e f i c i e n c y  ( F i g  1 1 ) .
Cu d e f i c i e n c y  s i g n i f i c a n t l y  r e o u c e d  t h e  c o n c e n ­
t r a t i o n  c f  Mn r e l a t i v e  t o  t h e  p r o t e i n  I n  t h e  s o l u b l e  f r a c t i o n  
i n  s h o o t s  and r o o t s  ( F i g s  5 , 6 ) .  The c o m b i n e d  Zn and Cu d e f ­
i c i e n c y  s i g n i f i c a n t l y  r e d u c e d  t h e  c o n c e n t r a t i o n  o f  Mn 
r e l a t i v e  t o  t h e  p r o t e i n  i n  t h e  TCA s o l u b l e  and MCI i n s o l u b l e  
f r a c t i o n s ,  w h i l e  t h e  i n d i v i d u a l  d e f i c i e n c i e s  had no e f f e c t s  
( F i g s  5 , 6 ) .
I r o n
A t  t h e  l e v e l  o f  Fe s u p p l i e d  i n  t h e  n u t r i e n t  
s o l u t i o n s ,  c o n c e n t r a t i o n  o f  Fe i n  r o o t s  f a r  e x c e e d e d  t n a t  i n
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s h o o t s  -  a b o u t  ÖOOOppm c om p a r e d  w i t h  a b o u t  120ppm r e l a t i v e  t o  
o v e n  d r y  w e i g h t  ( T a b l e  1 ) .
A b o u t  60% o f  t h e  t o t a l  Fe was e x t r a c t e d  w i t h  t h e  
TCA s o l u b l e  f r a c t i o n ,  a b o u t  15% w i t h  t h e  s o l u b l e  f r a c t i o n  and 
20% w i t h  t h e  r e s i d u e  i n  b o t h  s h o o t s  and  r o o t s  ( T a b l e  4 ) .  I n  
t h e  TCA s o l u b l e  f r a c t i o n ,  t h e  p r o p o r t i o n  o f  t h e  t o t a l  Fe 
f o u n d  i n  r o o t s  was s i g n i f i c a n t l y  h i g h e r  t h a n  I n  s h o o t s ,  w h i l e  
i n  t h e  r e s i d u e  t h e  p r o p o r t i o n  I n  s h o o t s  was h i g h e r  ( T a b l e  4 ) .
N e i t h e r  Zn n o r  Cu d e f i c i e n c i e s  had s i g n i f i c a n t  
e f f e c t s  on  t h e  r a t e  o f  Fe u p t a k e  by  r o o t s  o r  t r a n s p o r t  t o  
s h o o t s  ( T a b l e  1 ) .  H o w e v e r ,  Zn d e f i c i e n c y  s i g n i f i c a n t l y  
r e d u c e d  t h e  p r o p o r t i o n  o f  Fe I n  t h e  TCA s o l u b l e  f r a c t i o n  i n  
s h o o t s  and r o o t s ,  b u t  o n l y  when Cu was I n  a d e q u a t e  s u p p l y  
( F i g  1 2 ) -  t h i s  c a u s e d  a s i g n i f i c a n t  d e c r e a s e  i n  Fe 
c o n c e n t r a t i o n  r e l a t i v e  t o  TCA s o l u b l e  p r o t e i n  I n  r o o t s  
( F i g  8 ) .  I n  s h o o t s ,  b o t h  Zn and  Cu d e f i c i e n c i e s  s i g n i f i ­
c a n t l y  r e d u c e d  t h e  Fe c o n c e n t r a t i o n  r e l a t i v e  t o  t h e  p r o t e i n  
I n  t h e  TCA s o l u b l e  f r a c t i o n  ( F i g  7 ) .  Cu d e f i c i e n c y  s i g n i f i ­
c a n t l y  r e d u c e d  t h e  p r o p o r t i o n  o f  Fe i n  t h e  a l k a l i - a c i d  s o l ­
u b l e  f r a c t i o n  ( F i g  1 2 ) ,  b u t  t h i s  had no s i g n i f i c a n t  e f f e c t s  
on  Fe c o n c e n t r a t i o n  r e l a t i v e  t o  t h e  p r o t e i n  i n  t h a t  f r a c t i o n  
( F i g s  7 , 8 ) ,  a l t h o u g h  t h e r e  was a n o n - s i g n i f i c a n t  d e c r e a s e  i n  
s h o o t s .  Zn d e f i c i e n c y  d i d  n o t  a f f e c t  t h e  p r o p o r t i o n  o f  Fe I n  
t h e  a l k a l i - a c i d  s o l u b l e  f r a c t i o n  ( F i g  1 2 ) ,  b u t  d i d  s i g n i f i ­
c a n t l y  r e d u c e  t h e  c o n c e n t r a t i o n  o f  Fe r e l a t i v e  t o  t h e  
a l k a l i - a c i d  s o l u b l e  p r o t e i n  I n  r o o t s  ( F i g  8 ) .
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DISCUSSION
M e t a l s  i n  r e l a t i o n  t o  c e l l  p r o t e i n
The b u l k  o f  a l l  f o u r  m e t a l s  a s s a y e d  was  f o u n d  I n  
t h e  e x t r a c t e d  f r a c t i o n s  r a t h e r  t h a n  i n  t h e  r e s i d u e  wh i c h
u s u a l l y  c o n t a i n e d  much l e s s  t h a n  15% o f  t h e  Cu f Zn a nd  fin o f  
s h o o t s  and  r o o t s  a n d  l e s s ,  t h a n  30% o f  t h e  Fe ( T a b l e  4 ) .
O t h e r  wor k  w i t h  a number  o f  p l a n t s  h a s  shown t h a t  Cu and  Zn
a r e  n o r m a l l y  a s s o c i a t e d  w i t h  p r o t e i n  i n  t h e  c e l l .  From. 
80-100% o f  t h e  Zn i n  p l a n t s  h a s  o f t e n  b e e n  f o u n d  i n  s o l u b l e  
c e l l  f r a c t i o n s  o r  a s s o c i a t e d  w i t h  s o l u b l e  p r o t e i n s  ( K o s i t s y n  
and  I y o s h i n a  1 9 6 4 ,  J o h n s o n  and  S c h r e n k  1963 ,  D i e z - A l t a r e s  and  
ß o r n e m l s z a  1 9 67 ,  Oz anne  1 9 5 5 ) .  Much l e a f  Cu i s  a s s o c i a t e d
w i t h  c e r t a i n  p r o t e i n s  ( K a t o  e t  a l  1961 ,  W i s h n i c k  e t  a l  1969 ,  
N e i s h  1939)  w h i l e  H i l l  ( 1 9 7 3 )  f o u n d  t h i s  was  a l s o  t r u e  o f  
r o o t s .  On t h e  o t h e r  h a n d ,  b o t h  Cu a nd  Zn a r e  n o r m a l l y  f o u n d  
t o  a s m a l l  e x t e n t  i n  p l a n t  c e l l  w a l l s  ( D i e z - A 1 t a r e s  and  
ß o r n e m i s z a  1 9 6 7 ) .  K o s i t s y n  a n d  I y o s h i n a  ( 1 9 6 4 )  f o u n d  t h a t  
v/hen f r  ac t  i o n a  t  i ng Zn f r o m t o m a t o  l e a f ,  t h e  s u p e r n a t a n t  had 
v e r y  s t r o n g  a b s o r p t i o n  p r o p e r t i e s  f o r  Zn,  s u g g e s t i n g  t h a t  
some Zn n o r m a l l y  r e s i d e n t  i n  c e l l  w a l l s  m i g h t  h a v e  b e e n  
e x t r a c t e d  f r om t h e  w a l l s  w i t h  t h e  s u p e r n a t a n t .  L o o s e l y  bou n d  
m e t a l s  may a l s o  be  v e r y  e a s i l y  r e mo v e d  f r om p r o t e i n  by 
t r e a t m e n t  w i t h  m i n e r a l  a c i d s  ( H a u r o w i t z  1 9 6 3 ) .  I t  i s ,  
t h e r e f o r e ,  o n l y  w i t h  r e s e r v a t i o n  t h a t  one  c a n  s u g g e s t  t h a t  
t h e  p r o t e i n  f r a c t i o n s  e x t r a c t e d  h e r e  o r i g i na 1 1 y c o n t a i n e d  t h e  
m e t a l s  a s s a y e d  i n  t h e m.  The r e s u l t s  s u p p o r t  t h e  g e n e r a l  v i e k  
t h a t  mo s t  p l a n t  m e t a l  i s  a s s o c i a t e d  w i t h  p r o t e i n  o r  o t h e r  
c e l l  c o n s t i t u e n t s  and  v e r y . l i t t l e  i s  r e t a i n e d  i n  t h e  w a l l .
When t h e  v a r i o u s  m e t a l s  we re  I n  above  s u f f i c i e n t
s u p p l y ,  t h e r e  was a v e r y  ma rk e d  i n c r e a s e  I n  m e t a l  c o n c e n ­
t r a t i o n  i n  r o o t s .  When Cu,  Zn o r  l i n  a v a i l a b i l i t y  was l ow,  
r o o t  and s h o o t  m e t a l  c o n c e n t r a t i o n s  we re  much c l o s e r  
( T a b l e  1 ) .  I n c r e a s e d  m e t a l  c o n c e n t r a t i o n  i n  r o o t s  w i t h  
e x c e s s  r ne t a l  has  been  o b s e r v e d  e l s e w h e r e  ( h a w f  and Sc hmi d  
196 7 ,  S m i t h  and S p e c h t  1953,  Lop e z  and  Graham 1973,  H i l l  
1973)  ana when a v a i l a b i l i t y  has  been r e c u c e c ,  r o o t  c o n c e n ­
t r a t i o n  has  a e c l l n e d  much more t h a n  s h o o t  c o n c e n t r a t i o n  
( P o i s o n  and  Adams 1970 ,  Wood and S i b l e y  1 9 5 0 ) .  These r e s u l t s  
s u g g e s t  t h a t  t h e  r o o t s  a c t  as t h e  s t o r a g e  l o c a t i o n  f o r  e x c e s s  
m e t a l s  when t h e y  a r e  I n  s u p r a - s u f f i c i e n t  s u p p l y .
i f  r o o t s  t e n d  t o  r e t a i n  e x c e s s  n u t r i e n t ,  i t  i s  
l i k e l y  t h a t  some p a r t  o f  t h e  c e l l  s y s t e m  w o u l d  a c t  as  a s t o r e  
f o r  t h e  e x c e s s .  I n  Zn and  Cu r e s i s t a n t  c l o n e s  o f  t h e  g r a s s  
A g r o s t i s  t e n u a , t h e  c e l l  w a l l  r e t a i n e d  e x c e s s  m e t a l  ( T u r n e r  
1 9 7 0 ) .  I n  t h e  e x p e r i m e n t  r e p o r t e d  h e r e ,  none o f  t h e  p r o t e i n  
f r a c t i o n s  e x t r a c t e d  showed a l l  t h e  p r o p e r t i e s  t h a t  m i g h t  be 
e x p e c t e d  o f  a s i t e  t h a t  s t o r e d  e x c e s s  m e t a l .  h o w e v e r ,  p r o ­
t e i n  I n  t h e  s o l u b l e  and TCA s o l u b l e  f r a c t i o n s  showed s e v e r a l  
o f  t h e s e  p r o p e r t i e s  w h i c h  a r e  d i s c u s s e d  b e l o w .
F i r s t l y ,  w i t h  m e t a l  d e f i c i e n c y ,  t h e  c o n c e n t r a t i o n
o f  a m e t a l  e x p r e s s e d  r e l a t i v e  t o  t h e  w e i g h t  o f  t h e  s t o r a g e  
f r a c t i o n  w o u l d  be e x p e c t e d  t o  d e c l i n e  more s h a r p l y  t h a n  i n
o t h e r  f r a c t i o n s .  Zn d e f i c i e n c y  c a u s e d  a r e d u c t i o n  i n  Zn c o n ­
c e n t r a t i o n  r e l a t i v e  t o  t h e  p r o t e i n  i n  b o t h  t h e  s o l u b l e  ana 
TCA s o l u b l e  f r a c t i o n s ;  t h e  e f f e c t  a p p l i e d  i n  b o t h  s h o o t s  ana
r o o t s  ( F i g s  3 , A ) ,  Cu d e f i c i e n c y  r e d u c e d  b o t h  Cu and Hn 
a v a i l a b i l i t y  t o  t h e  s e e d l i n g s ,  b u t  I t  was o n l y  I n  t he  s o l u b l e  
f r a c t i o n  t h a t  t h e  c o n c e n t r a t i o n  o f  b o t h  t h e s e  m e t a l s  r e l a t i v e  
t o  t h e  p r o t e i n  I n  t h a t  f r a c t i o n  d e c l i n e d  s i g n i f i c a n t l y  
( F i g s  1 , 2 , 5 , 6 ) .
S e c o n d l y ,  as t h e  a v a i l a b i l i t y  o f  a meta l  i n c r e a s e s  
above d e f i c i e n c y  l e v e l s ,  t h e  p r o p o r t i o n  o f  t h e  meta l  f o u nd  i n  
a m e t a l  s t o r a g e  f r a c t i o n  wou l d  be e x p e c t e d  t o  I n c r e a s e ,  
r e l a t i v e  t o  o t h e r  f r a c t i o n s .  W i t h  Cu o r  Zn s u f f i c i e n c y ,  t he  
p r o p o r t i o n  o f  Cu o r  Zn,  r e s p e c t i v e 1y , . he 1d i n  t h e  TCA s o l u b l e  
f r a c t i o n  d e c r e a s e d ,  r a t h e r  t h a n  i n c r e a s e d ;  i n  t h e  case o f  Cu, 
t h e  d e c r e a s e  o c c u r r e d  o n l y  I n  r o o t s  ( F i g s  9 , l ü ) .  T h i s  
s u g g e s t s  t h a t  t h i s  f r a c t i o n  may c o n t a i n  t h e  Zn and Cu 
r e q u i r i n g  enzymes,  s i n c e  r e t e n t i o n  o f  e s s e n t i a l  meta l  i n  t h a t  
f r a c t i o n  under  d e f i c i e n c y  c o n d i t i o n s  w ou ld  c l e a r l y  be a dvan­
t a g e o u s  t o  t he  p l a n t .  On t h e  o t h e r  hand,  i n  t he  s o l u b l e  
f r a c t i o n ,  t he  p r o p o r t i o n  o f  Zn e x t r a c t e d  w i t h  t h a t  f r a c t i o n  
d e c r e a s e d  w i t h  Zn d e f i c i e n c y  as m i g h t  be e x p e c t e d  o f  a meta l  
s t o r a g e  f r a c t i o n .  Bu t  t h e r e  were no s i m i l a r  e f f e c t s  I n  t h i s  
f r a c t i o n  w i t h  Cu o r  Mn un de r  c o n d i t i o n s  o f  Cu d e f i c i e n c y  
( F i g s  9 , 1 1 ) .
T h i r d l y ,  a s t o r a g e  f r a c t i o n  m i g h t  be e x p e c t e d  t o  
h o l d  a s u b s t a n t i a l  p r o p o r t i o n  o f  t h e  t o t a l  m e t a l  o f  t h e  r o o t ,  
p a r t i c u l a r l y  when t h e  m e ta l  was i n  above a d e q u a t e  s u p p l y .  As 
w e l l ,  i t  m i g h t  be e x p e c t e d  t o  h o l d  a g r e a t e r  p r o p o r t i o n  o f  
t h e  t o t a l  me ta l  o f  t h e  r o o t  t h a n  t h a t  o f  t h e  s h o o t .  B o t h  t he  
s o l u b l e  and t h e  TCA s o l u b l e  f r a c t i o n s  c o n s i s t e n t l y  c o n t a i n e d
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s u b s t a n t i a l  p r o p o r t i o n s  o f  a l l  f o u r  m e t a l s  ( T a b l e  k ) .  
H o w e v e r ,  o n l y  t h e  TCA s o l u b l e  f r a c t i o n  c o n s i s t e n t l y  h e l d  a 
h i g h e r  p r o p o r t i o n  o f  m e t a l  I n  r o o t s  t h a n  s h o o t s ;  t h i s  a i d  n o t  
u i  f f e r  u n d e r  d i f f e r e n t  c o n d i t i o n s  o f  m e t a l  a v a i l a b i l i t y .
A l l  t h e s e  p r o p e r t i e s  assume t h a t  t h e  a v a i l a b i l i t y  
o f  t h e  s t o r a g e  f r a c t i o n  i s  n o t  a l t e r e d  by  a v a i l a b i l i t y  o f  
m e t a l *  i n  t h i s  e x p e r i m e n t ,  c h a n g e s  i n  m e t a l  a v a i l a b i l i t y  a i d  
n o t  s u b s t a n t i a l l y  a l t e r  t h e  l e v e l s  o f  p r o t e i n s  i n  any  o f  t h e  
e x t r a c t e d  f r a c t i o n s .
W h i l s t  t h e s e  r e s u l t s  a r e  n o t  c o n c l u s i v e ,  t h e y  do 
s u g g e s t  t h a t  t h e  p r o t e i n  i n  b o t h  t h e  s o l u b l e  and  TCA s o l u b l e  
f r a c t i o n s  beh a ve s  i n  many ways  as  m i g h t  be e x p e c t e d  o f  a 
m e t a l  s t o r a g e  f r a c t i o n .  T h e r e  I s ,  h o w e v e r ,  one f u r t h e r  
d i f f i c u l t y  w i t h  t h e  i n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s .  The 
e x t r a c t i o n  p r o c e d u r e  u s e d  i n  t h i s  e x p e r i m e n t  was s i m i l a r  t o  
t h a t  o f  S c h n e i d e r  ( 1 9 4 5 ) »  i t  i s  l i k e l y  t h a t  t h e  TCA s o l u b l e  
f r a c t i o n  w o u l d  have  c o n t a i n e d  t h e  n u c l e i c  a c i d s  as w e l l  as  
p r o t e i n .  M a r t i n  ( 1 9 6 6 )  f o u n d  1 0 - l l m g / g  o f  f r e s h  w e i g h t  o f  
n u c l e i c  a c i o  (RNA + ÜNA) I n  r o o t  t i p s  o f  a w i d e  r a n g e  o f  
p l a n t s .  R o o t s  i n  t h i s  e x p e r i m e n t  had a t o t a l  o f  a b o u t  17mg/g 
f r e s h  w e i g h t  o f  p r o t e i n  o f  w h i c h  o n l y  a b o u t  10/. was I n  t h e  
TCA s o l u b l e  f r a c t i o n  ( T a b l e  3 ) .  N u c l e i c  a c l o s  norm,a 1 1 y 
c o n t a i n  m e t a l s  e s s e n t i a l  t o  t h e i r  s t r u c t u r e  ( W a c ke r  ano 
V a l l e e  195 9 ,  Wacker  1 9 6 2 ) .  T h u s ,  b e c a u s e  am ou n ts  o f  n u c l e i c  
a c i d s  and p r o t e i n  i n  t h e  p l a n t  may be c o m p a r a b l e ,  i t  i s  
f e a s i b l e  t h a t  a t  l e a s t  some,  and p o s s i b l y  a l l ,  o f  t h e  m,etal  
f o u n d  i n  t h e  TCA s o l u b l e  f r a c t i o n  c o u l d  have  been  a s s o c i a t e d
w i t h  n u c l e i c  a c i d s .  The d i s c u s s i o n  abo v e  s u g g e s t s  t n a t  p r o ­
t e i n  i s  more l i k e l y  as t h e  m e t a l  s t o r e ,  b u t  f u r t h e r  wo rk  i s  
n e c e s s a r y  t o  s a t i s f y  t h i s  p o i n t .
T h e r e  w e r e  no e f f e c t s  o f  Zn o r  Cu d e f i c i e n c y  on 
l e v e l s  o f  t o t a l  p r o t e i n ,  o r  t h e  p r o t e i n  e x t r a c t e d  i n  t h e  
v a r i o u s  f r a c t i o n s .  T h i s  i s  i n  g e n e r a l  a g r e e m e n t  w i t h  o t h e r  
w o r k .  hood  and W omer s l ey  ( 1 9 4 6 )  showed l i t t l e  e f f e c t  o f  Cu 
c e f i c i e n c y  on  o a t  p r o t e i n ,  w h i l e  Nason ( 1 9 5 2 )  showed a c ha n ge  
i n  p r o t e i n  q u a l i t y  b u t  n o t  q u a n t i t y  i n  Cu d e f i c i e n t  t o m a t o  
l e a v e s .  Zn d e f i c i e n c y  has  c a u s e d  c h a n g e s  i n  p r o t e i n  q u a l i t y  
and q u a n t i t y  ( Na so n  and M c E l r o y  1963 ,  Nason e t  a l  1 9 6 5 ) ,  b u t  
t h e  t o t a l  p r o t e i n  b a l a n c e  seems t o  have  t e e n  l i t t l e  s t u c i e u .  
The l a c k  o f  m a j o r  e f f e c t s  o f  t h e  d e f i c i e n c i e s  on p r o t e i n  does  
n o t  s u p p o r t  t h e  s u g g e s t i o n  t h a t  Zn o r  Cu d e f i c i e n c y  symptoms 
i n  l e a v e s  may be c a u s e d  by  b i n d i n g  o f  m e t a l s  t o  e x c e s s  p r o ­
t e i n  i n  r o o t s  ( d z a n n e  1955 ,  G i l b e r t  1 9 5 1 ) .
B o t h  Zn and Cu d e f i c i e n c i e s  i n c r e a s e d  t h e  l e v e l  o f  
s o l u b l e  a m i n o  a c i d s  i n  s h o o t s  b u t  n o t  r o o t s ,  b u t  t h e  c o m b i n e d  
d e f i c i c i e n c y  had no s i g n i f i c a n t  e f f e c t s .  I n c r e a s e  i n  am i no  
a c i d  s y n t h e s i s  has o f t e n  been  o b s e r v e d  w i t h  Zn d e f i c i e n c y  
( P o s s i n g h a m  195b,  S t e i n b e r g  1956,  Wacker  1962)  and Cu d e f ­
i c i e n c y  ( P o s s i n g h a m  1 9 5 6 ) ,  a l t h o u g h  i n  Cu d e f i c i e n t  t o b a c c o  
l e a v e s  some amino  a c i d s  i n c r e a s e d ,  w h i l e  o t h e r s  d e c r e a s e d  
( S t e i n b e r g  1 9 5 6 ) .  Changes  i n  r a t e  o f  p r o t e i n  s y n t h e s i s  have 
been  a s c r i b e d  t o  t h e s e  c h a n g e s  ( W a c k e r  1 9 6 2 ) •  t h i s  seems 
u n l i k e l y  i n  t h i s  e x p e r i m e n t  wh e re  no e f f e c t s  on  t o t a l  p r o t e i n  
w e re  o b s e r v e d .  M i l l  ( 1 9 7 3 )  s u g g e s t e d  t h a t  m e t a l s  may c o m p l e x
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w i t h  a m i no  a c i d s  c u r i n g  t r a n s p o r t  t o  s h o o t s .  The h i g h l y  
p o l a r  n a t u r e  o f  a m i n o  a c i d s  makes t h i s  c h e m i c a l l y  f e a s i b l e  
( B r o w n  1963)  • a m i no  a c i d s  have been  f o u n d  i n  t h e  xy le rn  s t r e a m  
o f  n o r t h e r n  h a r d w o o d s  ( B o l l a r d  1956)  and I n  r o o t  saps  I n  
e u c a l y p t s  ( W i l s o n  and B a c h e l a r d  1 9 7 5 ) .  I f  a m in o  a c i d s  t r a n s ­
p o r t  m e t a l s ,  a b u i l d  up o f  am i no  a c i d s  i n  s h o o t s  w o u l d  seem 
p o s s i b l e  as a p l a n t  r e s p o n s e  t o  a t t e m p t  t o  t r a n s p o r t  more 
m e t a l  t o  s h o o t s .  H o w e v e r ,  t h e r e  seems t o  be g e n e r a l  
a g r e e m e n t  t h a t  t h e s e  m e t a l s  ( e x c e p t  Fe)  e x i s t  as  f r e t  c a t i o n s  
i n  t h e  xy l e rn  s t r e a m  ( T i f f i n  1967,  B i o d u l p h  1959 ,  S u t c l i f f e  
1 9 6 2 ) .
The o v e r a l l  t o t a l  N b a l a n c e  i n  s h o o t s  was n o t
a f f e c t e d i n a s i m i l a r way t o  a m i n o - N  by Zn o r  Cu d e f i c i e n c y
( T a b l e  2) • T h i s  s u g g e s t s o t h e r N compounds (e . g.  n u c 1e I c
a c i d s ) , n o t m e a s u r e d 1 n t h i  s e x p e r i m e n t , may have been
a f f e c t e d , t o b a l a n c e  t h e r  i se i n  a m i n o - N i n s h o o t s .  N
ba 1 ar ice o f r o o t s  was 1 i t t l e a f f e c t e a  by t h e m e t a l  d e f -
i c i e n c I  es #
I n t e r a c t i o n s  b e t w e e n  m e t a l s
Cu d e f i c i e n c y  r e d u c e d  u p t a k e  o f  Cu and Fin by  r o o t s  
and t r a n s p o r t  t o  s h o o t s .  Zn d e f i c i e n c y  r e d u c e d  u p t a k e  and 
t r a n s p o r t  o f  Zn .  T h e r e  w e r e  no e f f e c t s  o f  Zn o r  Cu on r a t e s  
o f  u p t a k e  o r  t r a n s p o r t  o f  Fe ,  no e f f e c t s  o f  Zn on  Cu o r  Fin 
and no e f f e c t s  o f  Cu on  Zn .  T h i s  i s  i n  d i r e c t  c o n t r a s t  t o  
much p u b l i s h e d  w o r k ,  w h e r e  a n t a g o n i s m s  t o  u p t a k e  by r o o t s  o r  
t r a n s p o r t  t o  s h o o t s  b e t w e e n  t h e s e  f o u r  m e t a l s  have  common l y
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been o b s e r v e d ,  o f t e n  o f  a h i g h l y  c o m p l e x  n a t u r e  ( S m i t h  1962,  
Greenwood  and H a l l s v o r t h  1 9 6 0 ) .  H o w e v e r ,  t h e  u p t a k e  p e r i o G  
e x a m i n e d  has  o f t e n  been  s h o r t  ( h o u r s  t o  a few d a y s )  ( Ha w f  and 
Schmi d  1967 ,  Sc hmi d  e t  a l  1965,  L i n g l e  e t  a l  1963,  Bowen 
1969 ,  P o i s o n  and Adams 1970 ,  I s h i z u k a  and Ando 1 9 6 6 ) .  Cither- 
w o r k e r s  h av e  o b s e r v e d  i n t e r a c t i o n s  i n  p l a n t s  a f t e r  s o i l  
a p p l i c a t i o n s  o f  n u t r i e n t s  ( Dunn e  1956 ,  F u e h r i n g  and S o o f i  
1 9 6 4 ) .  H o w e v e r ,  n u t r i e n t  i n t e r a c t i o n s  may o c c u r  i n  t h e  s o i l ,  
n o t  t h e  p l a n t  ( L o p e z  and Graham 1 9 7 3 ) .  t i n d e r  t h e s e  
c o n d i t i o n s ,  a p l a n t  r e s p o n s e  may r e f l e c t  o n l y  a s o i l  r e s p o n s e  
C l e a r l y ,  t h e  p h y s i o l o g i c a l  r e s p o n s e  o f  a p l a n t  may be v e r y  
c i  f f e r e n t  when a m e t a l  i s  i n  s h o r t  s u p p l y  t h a n  when i t  i s  
a d e q u a t e .  P r e f e r e n t i a l  u p t a k e  o f  an e l e m e n t  m i g h t  o c c u r  
d e s p i t e  t h e  p r e s e n c e  o f  o t h e r  i o n s  i n  s o l u t i o n  w h i c h  w o u l d  
o t h e r w i s e  c om pe t e  w i t h  i t  s u c c e s s f u 11y.  The r e s u l t s  i n  t h e  
e x p e r i m e n t  r e p o r t e d  h e r e  i n d i c a t e d  t h a t ,  i n  t h e  l o n g  t e r m ,  
u p t a k e  o f  Cu and Mn may be s y n e r g i s t i c  i n  t h a t  Cu d e f i c i e n c y  
may i n t e r f e r e  w i t h  t h e  n o r m a l  u p t a k e  m ec han i s m o f  Mn.  T h i s  
c o u l d  be c a u se d  by a r e q u i r e m e n t  i n  t h e  Mn u p t a k e  m e chan i s m  
f o r  Cu.
B o t h  Zn and Cu d e f i c i e n c i e s  c a u s e d  r e d u c t i o n s  i n  
c o n c e n t r a t i o n s  o f  t h e  o t h e r  m e t a l s  r e l a t i v e  t o  t h e  p r o t e i n  i n  
s e v e r a l  e x t r a c t e d  f r a c t i o n s  i n  b o t h  s h o o t s  and r o o t s  
( F i g s  1 - 6 ) .  These  e f f e c t s  a r e  i n  c o n t r a s t  t o  t h e  e f f e c t s  on 
t o t a l  n u t r i e n t  l e v e l s  w h e r e  i n t e r - m e t a l  c o m p e t i t i o n  was n o t  
e x t e n s i v e  ( T a b l e  1 ) .  Enzymes a r e  n o t  q l w a y s  h i g h l y  s p e c i f i c  
f o r  t h e  m e t a l s  e s s e n t i a l  f o r  t h e i r  a c t i v i t y  t h a t  a c c u m u l a t e  
on t h e i r  s u r f a c e s  a t  a c t i v e  s i t e s  ( Va 1 1ee 1 9 6 2 ) .  Thu s ,
c h a n g e s  i n  a v a i l a b i l i t y  o f  one  m e t a l  m i g h t  c a u s e  c h a n g e s  i n  
t h e  c o n c e n t r a t i o n  o f  a n o t h e r  r e l a t i v e  t o  a p r o t e i n  f r a c t i o n s  
b u t  u n d e r  t h e s e  c i r c u m s t a n c e s ,  i n c r e a s e s  I n  t h e  c o n c e n t r a t i o n  
o f  t h e  s e c o n d  m e t a l  m i g h t  be e x p e c t e d ,  n o t  d e c r e a s e s  as 
o b s e r v e d  h e r e .  F u r t h e r  w o rk  I s  n e c e s s a r y  t o  e x p l a i n  t h e  
e f f e c t s  o b s e r v e d .
E f f e c t s  on  o t h e r  m e t a b o l i t e s  and g r o w t h
R a t e  o f  s y n t h e s i s  and t r a n s p o r t  t o  r o o t s  o f  s o l u b l e  
s u g a r s  was l i t t l e  a f f e c t e d  i n  t h i s  e x p e r i m e n t  by  Zn c r  Cu 
d e f i c i e n c y .  b a s o n  and M c E l r o y  ( 1 9 6 3 )  s u g g e s t e d  Cu i s  l a r g e l y  
i n v o l v e d  I n  p h o t o s y n t h e s i s  as  an enzyme c o - f a c t o r .  I n  t h i s  
e x p e r i m e n t ,  Cu d e f i c i e n c y  was n o t  s u f f i c i e n t l y  s e v e r e  o r  d i e  
n o t  p e r s i s t  l o n g  enough  t o  p r e v e n t  s u g a r  p r o d u c t i o n .  
N e v e r t h e l e s s ,  g r o w t h  was r e d u c e d  w i t h  m e t a l  d e f i c i e n c i e s ,  
s u g g e s t i n g  t h a t  m e t a b o l i c  e f f e c t s ,  o t h e r  t h a n  e f f e c t s  on 
p h o t o s y n t h e s i s ,  w e re  t h e  p r i m a r y  e f f e c t s  o f  t h e  o e f i c i e n c I  e s .
The re  was no b u i l d  up o f  t o t a l  P i n  t h i s  e x p e r i m e n t  
w i t h  Zn d e f i c i e n c y .  I n c r e a s e s  i n  o r g a n i c  p h o s p h a t e  ( H e w i t t  
1963)  o r  o r g a n i c  p o l y p h o s p h a t e  ( W a c ke r  1962)  have  been  
o b s e r v e d  e l s e w h e r e  w i t h  Zn d e f i c i e n c y .  Cu d e f i c i e n c y  hac  no 
e f f e c t s  on  t o t a l  P.
Under  t h e  c o n d i t i o n s  o f  t h i s  e x p e r i m e n t ,  i t  a p p e a r s  
t h a t  r e d u c e d  g r o w t h  was t h e  p r i m a r y  r n e t a L o l i c  e f f e c t  o f  Zn o r  
Cu d e f i c i e n c y ,  p r o b a b l y  due t o  r e d u c t i o n  i n  enzyme a c t i v i t y  
v / i t h  r e d u c e d  m e t a l  a v a i l a b i l i t y .  More  s e v e r e  d e f i c i e n c i e s ,
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o r  a l o n g e r  g r o w t h  p e r i o d ,  m i g h t  have I n d u c e d  t h e  o t h e r  
symptoms w h i c h  have  been  o b s e r v e d  e l s e w h e r e .
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HAFER 3
EXTRACTION AND ASSAY OF PROTEIN,  NUCLEIC ACIDS AND 
HEAVY METALS FROM TISSUE OF PI  NUS RAD I ATA D.DON
ABSTRACT
The S c h m i o t - T h a n n h a u s e r  and  S c h n e i d e r  t e c h n i q u e s  
f o r  n u c l e i c  a c i d  e x t r a c t i o n  we r e  t e s t e d  w i t h  h o m o g e n a t e s  o f  
P . r a d i a t a  t i s s u e .  Bo t h  t e c h n i q u e s  we r e  u n s u c c e s s f u l .  I t  
was  I m p o s s i b l e  t o  a s s a y  RNA o r  DNA e i t h e r  c o 1 o r i m e t r i c a  11y o r  
w i t h  UV s p e c t r o p h o t o m e t r y  b e c a u s e  o f  I n t e r f e r e n c e  f r om o t h e r  
s u b s t a n c e s  e x t r a c t e d  w i t h  t h e  n u c l e i c  a c i d s .  T h e s e  t e c h ­
n i q u e s  f o r me d  t n e  b a s i s  f o r  a p r o t e i n  f r a c t i o n a t i o n  p r o c e a u r e  
b a s e d  on  s o l u b i l i t y  o f  p r o t e i n  a t  d i f f e r e n t  ph l e v e l s .  
E x t r a c t e d  p r o t e i n  c o u l d  be  p r e c i p i t a t e d  f r om mo s t  f r a c t i o n s .  
The h e a v y  m e t a l s  Cu,  Zn,  Mn and  Fe s ee me d  t o  ue  c l o s e l y  
a s s o c i a t e d  w i t h  t h e  p r o t e i n  i n  t h e s e  f r a c t i o n s .
INTRCDUCTION
The b i o c h e m i s t r y  o f  h e a v y  m e t a l s  i n  p l a n t s  i s  
c l o s e l y  r e l a t e d  t o  p r o t e i n  and  n u c l e i c  a c i u  m e t a b o l i s m .  Many 
p r o t e i n s  r e q u i r e  m e t a l s  a s  c o f a c t o r s  a n c  n u c l e i c  a c i d s  
c o n t a i n  m e t a l s  i n  t h e i r  p h y s i c a l  s t r u c t u r e .  M e t a l s  may be 
h e l d  i n  p l a n t s  i n  a s s o c i a t i o n  w i t h  p r o t e i n  ( J o h n s o n  a n a  
S c h r e n k  1963 ,  K o s i t s y n  a n d  I y o s h i n a  1964 ,  K a t o  ec  a l  1961,
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h ' i s h n l c k  e t  a l  1969,  H i l l  1 9 7 3 ) .  I n  t h e  p r e v i o u s  p a p e r ,  
a t t e m p t s  w e r e  made t c  f i n d  t h e  r e l a t i o n  b e t w e e n  hea vy  m e t a l s  
and p r o t e i n  i n  P.  r a c i a t a  t i s s u e .  P r o b l e m s  o f  d i s t i n g u i s h i n g  
b e t w e e n  p r o t e i n  and n u c l e i c  a c i d s  i n  e x t r a c t  f r a c t i o n s  we re  
c i s c u s s e c .  T h i s  p a p e r  d e s c r i b e s  a t t e m p t s  t o  e x t r a c t  and 
a s s a y  p r o t e i n  and n u c l e i c  a c i d s  f r o m  P . r a  a i a  t  a t i s s u e  and 
f i n d  t h e  m e t a l  c o n t e n t s  o f  t h e  e x t r a c t s .
H u c l e i c  a c i d s  have  g e n e r a l l y  been  e x t r a c t e d  f r o m  
b i o l o g i c a l  m a t e r i a l  u s i n g  e i  t h e r  t h e  S c h m i c t - T h a n n h a u s e r  o r  
S c h n e i d e r  t e c h n i q u e s  ( H u t c h i n s o n  and M un r o  1 9 6 1 ) .  b o t h  t e c h ­
n i q u e s  f i r s t  i n v o l v e  r e m o v a l  o f  i n t e r f e r i n g  s u b s t a n c e s  d u r i n g  
h o m o g e n i z a t i o n  o f  t i s s u e  i n  c o l d  a c i d .  L i p i d s  a r e  t h e n  
r e mo ved  w i t h  o r g a n i c  s o l v e n t s .  I n  t h e  S c h m i d t - T h a n n h a u s e r  
p r o c e d u r e ,  t h e  r e s i d u e  i s  t h e n  i n c u b a t e d  w i t h  a l k a l i .  T h i s  
r e n d e r s  t h e  ÜNA a c i d - i n s o 1u b \ e  so on  a c i d i f i c a t i o n  o f  t h e  
c i g e s t  DNA i s  p r e c i p i t a t e d  and RNA r e m a i n s  i n  t h e
s u p e r n a t a n t .  I n  t h e  S c h n e i d e r  p r o c e d u r e ,  b o t h  DnA ana RNA 
a r e  e x t r a c t e d  s i m u l t a n e o u s l y  w i t h  h o t  a c i c .  The two n u c l e i c  
a c i d s  a r e  t h e n  a s s a y e d  w i t h  d i f f e r e n t  c o l o r i m e t r i c  t e c h ­
n i q u e s .  A n o t h e r  v a r i a t i o n  i s  t h e  me thod  o r  ü g u r  and Rosen 
( 1 9 5 0 )  who e x t r a c t e d  RNA f i r s t  w i t h  c o l d  a c i c  t h e n  DNA by 
f u r t h e r  i n c u b a t i o n  w i t h  h o t  a c i d .  H u t c h i n s o n  ana Mun r o
( 1 9 6 1 )  h av e  e x t e n s i v e l y  r e v i e w e d  t h e s e  p r o c e d u r e s .  I n  
d e v e l o p i n g  t e c h n i q u e s  h e r e ,  t h e i r  r e c o m m e n d a t i o n s  have
g e n e r a l l y  been a d o p t e d .
E x t r a c t i o n  o f  d i  f f e r e n t  p r o t e i n  f r a c t i o n s  based  on 
t h e i r  s o l u b i l i t y  a t  di  f f e r e n t  pH l e v e l s  i s  common ( H a u r o w i t z
15633•  S i n c e  t h e  t e c h n i q u e s  o f  n u c l e i c  a c i d  e x t r a c t i o n  
r e q u i r e  a c i d  o r  a l k a l i  s o l u t i o n s ,  t h e y  may y i e l d  p r o t e i n  
f r a c t i o n s  a t  t h e  same t i m e .  These  t e c h n i q u e s  f o r m e d  t h e  
b a s i s  o f  t h e  p r o t e i n  f r a c t i o n a t i o n  t e c h n i q u e  a e v e l o p e c  i n  
t h i s  w o r k .
ASSAY TECHNIQUES 
P r o t e i n
The r e d u c t i o n  o f  P o l i n  and C J o c a l t e u ' s  p h o s p h o -  
mo1y b d i c - p h o s p h o t u n g s t i c  r e a g e n t  by  c o p p e r  t r e a t e d  p r o t e i n  i s  
a s e n s i t i v e  and c o n v e n i e n t  me th od  f o r  p r o t e i n  a s s a y  ( L o w r y  e t  
a l  1 9 5 1 ) .  T h i s  m e t h o d  was .  u s e d  t h r o u g h o u t  t h i s  w o r k .  
P r o t e i n  c o n t e n t  o f  s a m p l e s  w a s . e s t i m a t e d  a g a i n s t  s t a n d a r d s  o f  
b o v i n e  a l b u m i n  ( C a l b i o c h e m  C a l i f . ) ,
S i n c e  p r o t e i n  e x t r a c t i o n  p r o c e d u r e s  s o m e t i m e s  
i n v o l v e d  h o t  e x t r a c t s ,  t h e  e f f e c t s  o f  h e a t i n g  p r o t e i n  on t h e  
s u b s e q u e n t  r e a c t i o n  w i t h  P o l i n  and  C i o c a l t e u ' s  r e a g e n t  was 
e x a m i n e d .  S t a n d a r d  s o l u t i o n s  o f  b o v i n e  a l b u m i n  we re  h e a t e o  
a t  d i f f e r e n t  t e m p e r a t u r e s  and f o r  d i f f e r e n t  t i m e  p e r i o d s .  
The s o l u t i o n s  w e r e  t h e n  s e r i a l l y  d i l u t e d ,  t h e  L o w r y  p r o c e d u r e  
f o l l o w e d  and t h e  a b s o r b a n c e  o f  t h e  s o l u t i o n s  m e a s u r e d  a t  
7 5 0 f r y u .  The r e s u l t s  f o r  s e v e r a l  o f  t h e  t e s t s  a r e  shown i n  
P i g  1. B o t h  i n c r e a s e d  t e m p e r a t u r e  and i n c r e a s e d  i n c u b a t i o n  
p e r i o d  r e d u c e d  a b s o r b a n c e ,  t h e  e f f e c t  i n c r e a s i n g  as  p r o t e i n  
c o n c e n t r a t i o n  i n c r e a s e d .  W i t h  t h e  mos t  s e v e r e  t r e a t m e n t  
( 80 ° C f o r  2Ü .5  h r ) ,  t h e  c u r v e  f l a t t e n e d  o f f  a t  t h e  h i g h e s t  
p r o t e i n  c o n c e n t r a t i o n s .  Por  r o u t i n e  a n a l y s e s ,  p r o t e i n
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s t a n d a r d  s a m p l e s  we re  h e a t e d  a t  t h e  same t i m e  as t e s t  
so 1u t i o n s .
Ness 1 e r i z a t  i on  has  o f t e n  been  used  f o r  p r o t e i n  
a s s a y .  T h i s  i n v o l v e s  t h e  t r e a t m e n t  o f  p r o t e i n  w i t h  s t r o n g  
a c i d  and t h e  m e a su r em e n t  o f  t o t a l  N i n  t h e  r e s u l t a n t  
s o l u t i o n .  N c o n t e n t  i s  t h e n  c o n v e r t e d  t o  p r o t e i n  c o n t e n t  by 
an a p p r o p r i a t e  c o n v e r s i o n  f a c t o r .  T h i s  me t hod  was t e s t e c ,  as 
d e s c r i b e d  l a t e r ,  f o r  p r o t e i n  a s s a y .  C o n c e n t r a t e c  H2SD4 c o n t ­
a i n i n g  2 u 0 g / l  K 2SQ4 ana l g / 1  Se ( J a c k s o n  195E)  was us ed  f o r  
d i g e s t i o n .  C o l o r i m e t r i c  e s t i m a t i o n  o f  N u see  t h e  r e a c t i o n  o f  
NH4+ w i t h  s o d i u m  p h e n o x i d e  i n  t h e  p r e s e n c e  o f  s o d i u m  h y p o ­
c h l o r i t e  t o  y i e l d  an unknown b l u e  p r o d u c t  ( A n o n  1 9 7 1 ) .
Cone Albumin (/ig/m l)
f i g  1 E f f e c t  o f  t i m e  and t e m p e r a t u r e  o f  h e a t i n g  
s t a n d a r d  s a m p l e s  o f  b o v i n e  se rum a l b u m i n  on  
r e s p o n s e  i n  t h e  L o w r y  p r o t e i n  a s s a y .  
A b s o r b a n c e  m e a s u r e d  a t  750mf j .
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N u c l e i c  a c I  a s
C o l o r i m e t r i c  me thod  f o r  DMA
The a i p h e n y 1 amine  p r o c e d u r e  f o r  DMA e s t i m a t i o n  
i n v o l v e s  t h e  r e a c t i o n  o f  d i p h e n y 1 a m i ne  w i t h  d e o x y r i b o s e  
r e s i d u e s  o f  DMA r e l e a s e d  by h e a t i n g  w i t h  g l a c i a l  a c e t i c  a c i c  
and c o n c e n t r a t e d  H 2SG4 t o  y i e l d  a c o l o u r e d  p r o d u c t .  The 
t e c h n i q u e  used  was t h a t  o f  B u r t o n  ( 1 9 5 6 ) .  S t a n d a r d s  we re  o f  
DNA c a l f  t h ymu s  ( C a l b i o c h e m  C a l i f . ) .
C o l o r i m e t r i c  me th o d  f o r  RNA
H y d r o l y s i s  o f  RNA a t  100°C y i e l d s  f u r f u r a l  w h i c h  
g i v e s  a g r e e n  c o l o u r  w i t h  o r c i n o l  ( H u t c h i n s o n  and  Munr o  
1 9 6 1 ) .  The o r c i n o l  me thod  o f  S c h n e i d e r  ( 1 9 5 7 )  f o r  RNA a s s a y  
was u sed  h e r e ,  b u t  o r c i n o l  was n o t  r e c r y s t a l l i z e d  b e f o r e  u s e .  
S t a n d a r d s  we re  o f  RNA p u r i f i e d  f r o m  T o r u l a  ( C a l b i o c h e m  
C a l i f . ) .
U l t r a - v i o l e t  l i g h t  d e t e r m i n a t i o n  o f  n u c l e i c  a c i d s
B o t h  DNA and RNA may be a s s a y e d  by  t h e  a b s o r b a n c e  
o f  t h e i r  p u r i n e  and p y r i m i d i n e  b a s e s  a t  26ürryj ( H u t c h i n s o n  and 
Mun r o  1 9 6 1 ) .  I n t e r f e r e n c e  f r o m  p r o t e i n  d e g r a d a t i o n  p r o d u c t s  
e x t r a c t e d  w i t h  n u c l e i c  a c i d s  has  o f t e n  mace t h i s  i m p o s s i b l e .  
T e c h n i q u e s  t o  m i n i m i s e  t h e  am ou n t  o f  p r o t e i n  e x t r a c t e d  w i t h  
t h e  n u c l e i c  a c i d  f r a c t i o n s  hav e  been  t e s t e d  and m e t h o d s  t o  
e l i m i n a t e  t h e  i n t e r f e r e n c e  by m e a s u r i n g  a t  two  w a v e l e n g t h s  
d e v e l o p e d .  The e f f e e t i v e n e s s  o f  t h e s e  t e c h n i q u e s  has  v a r i e d
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w i t h  d i f f e r e n t  e x t r a c t s .  A t t e m p t s  we re  made h e r e  t o  a s s a y  
e x t r a c t e d  n u c l e i c  a c i d  by UV l i g h t  a b s o r p t i o n .
EXTRACTION AND ASSAY OF PROTEIN
A s t a n d a r d  t e c h n i q u e  t o  e x t r a c t  v a r i o u s  p r o t e i n  
f r a c t i o n s  f r o m  P. r a d i a t a  t i s s u e  was d e v e l o p e d .  T h r e e  
p r i m a r y  f r a c t i o n s  we re  e x t r a c t e d ,  a n e u t r a l ,  an a c i d i c  and an 
a l k a l i  f r a c t i o n .  Much o f  t h e  p r o t e i n  i n  t h e s e  f r a c t i o n s  was 
t h e n  p r e c i p i t a t e d  f r o m  them.  A c o m p l e t e  f l o w - c h a r t  o f  t h e  
s y s t e m  d e v e l o p e d  i s  p r e s e n t e d  i n  F i g  2 t h e  c e r i v a t i o n  o f  t h e  
v a r i o u s  s t e p s  I n v o l v e d  i s  d i s c u s s e d  b e l o w .
N e u t r a l  f r a c t i o n
To a t t e m p t  t o  p r o d u c e  t h e  b e s t  p o s s i b l e  ho mo g en a t e  
i n  t h e  i n i t i a l  b r e a k i n g  up o f  t h e  f r e s h  m a t e r i a l ,  h o m o g e n a t e s  
made w i t h  a d e t e r g e n t  s o l u t i o n  we re  t e s t e d .  P.  rac, 1 a t a  
n e e d l e s  f r o n  f i v e  mon t h  o l d  s e e d l i n g s  we re  h o m o g e n i z e d  i n  an 
0.05% s o l u t i o n  o f  a c o m m e r c i a l  d e t e r g e n t ,  ' P y r o n e g '  
( D I v e r s e y ,  A / a s i a  P t y  L t d )  w i t h  a ' V i r t i s '  h i g h  spee d  homog­
en!  z e r .  The homo ge na t e  was c e n t r i f u g e d  a t  2400g f o r  one h o u r  
and t h e n  r e s u s p e n d e d  t w i c e  i n  w a t e r ,  f o u r  t i m e s  i n  0.05% 
P y r o n e g  and f i n a l l y  i n  1% NaC1. The NaC1 was used  t o  a t t e m p t  
t o  s a l t  o u t  f u r t h e r  p r o t e i n  f r o m  t h e  h o m o g e n a te  ( H a u r o w i t z  
1 9 6 3 ) .
The f i r s t  P y r o n e g  e x t r a c t  showed a v e r y  s t r o n g  
c o l o u r  w i t h  t h e  L o w r y  p r o t e i n  a s s a y .  The f i r s t  w a t e r  e x t r a c t
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r i g  2 F l o w - c h a r t  o f  p r o t e i n  e x t r a c t i o n  p r o c e d u r e s .
H omog en i ze  f r e s h  m a t e r i a l  i n  i c e  
w a t e r .  C e n t r i f u g e  a t  0°C a t  2400g 
f o r  0 . 5 - I h r  t i l l  s u p e r n a t a n t  i s  
c l e a r ,  hash t w i c e  w i t h  i c e  w a t e r .
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showed a v e r y  s l i g h t :  p r o t e i n  c o n t e n t  a n d  t h e  s e c o n d  n o n e .  
S u b s e q u e n t  P y r o n e g  e x t r a c t s  a l l  s h owe d  a p p r e c i a b l e  p r o t e i n  
c o n t e n t  a l t h o u g h  much l e s s  t h a n  i n  t h e  f i r s t  e x t r a c t .  The 
f i n a l  NaC 1 e x t r a c t  showed  no d e t e c t a b l e  c o l o u r  w i t h  t h e  
p r o t e i n  r e a g e n t .
The r e s u l t s  s u g g e s t e d  t h a t  r e p e a t e d  e x t r a c t i o n  w i t h  
d e t e r g e n t  c o n t i n u e d  t o  e x t r a c t  p r o t e i n  f r om t h e  h o m o g e n a t e ,  
w h e r e a s  c o n t i n u e d  e x t r a c t i o n  w i t h  w a t e r  c i e  n o t .  E x t r a c t i o n  
w i t h  1% NaC1 d i d  n o t  r e move  a d d i t i o n a l  p r o t e i n .  T a b l e  1 
s hows  a a t a  f o r  p r o t e i n  e x t r a c t e d  f r om s i m i l a r  m a t e r i a l  by 
t h r e e  di  f f e r e n t  t e c h n i q u e s  t o  be d i s c u s s e u  mor e  f u l l y  l a t e r .  
I n  t h e  S c h m i d t - T h a n n h a u s e r  e x t r a c t ,  c o l d  10% t r i - c h l o r o  
a c e t i c  a c i a  (TCA) was u s e d  i n s t e a d  o f  w a t e r  f o r  t h e  i n i t i a l  
h o m o g e n a t e .  T h i s  y i e l d e d  s i m i l a r  a m o u n t s  o f  p r o t e i n  a s  wer e  
f o u n d  w i t h  w a t e r  e x t r a c t s  i n  t h e  o t h e r  t wo t e s t s  s hown ,  b u t  
t h e  p r o t e i n  q u a l i t y  i n  t h e  e x t r a c t s  was  n o t  e x a m i n e d .
To s t a n d a r d i z e  t h e  p r o c e d u r e ,  w a t e r  was s e l e c t e d  a s  
t h e  b e t t e r  h o m o g e n i z i n g  s o l u t i o n  t h a n  c e t e r g e n t .  A l t h o u g h  
c e t e r g e n t  homi ogena t e s  we r e  e a s i e r  t o  p r e p a r e  b e c a u s e  o f  t h e  
u e t e r g e n t  a c t i o n ,  t h e  c o n t i n u e d  r e mo v a l  o f  p r o t e i n  by t h e  
c e t e r g e n t  w i t h  r e p e a t e d  e x t r a c t i o n  s u g g e s t s  t h a t  r e s u l t s  f o r  
ci  f f e r e n t  e x t r a c t s  m i g h t  n o t  be  c o m p a r a b l e .
Use o f  l i p i d  s o l v e n t s
The u s e  o f  l i p i d  s o l v e n t s  i n  t h e  e x t r a c t i o n  p r o ­
c e d u r e  i s  r e l a t e d  t o  n u c l e i c  a c i d  e x t r a c t i o n  r a t h e r  t h a n
p r o t e i n  f r a c t i o n a t i o n  and i s  d i s c u s s e d  more f u l l y  i n  t h e  
n u c l e i c  a c i c  s e c t i o n .  W i t h  p r o t e i n  f r a c t i o n a t i o n  o n l y ,  i t  
p r o b a b l y  had l i t t l e  v a l u e  a l t h o u g h  I t  c l e a r e c  t h e  m a t e r i a l  o f  
p i g m e n t .  To s t a n d a r d i z e  t h e  p r o c e d u r e  and  a l l o w  f o r  t h e  
i n s t a n c e s  when n u c l e i c  a c i d s  we re  a l s o  d e t e r m i n e d  i n  t h e  
e x t r a c t s ,  t h e  l i p i d  s o l v e n t s  w e r e  used  i n  g e n e r a l  r o u t i n e  
p r o t e i n  f  r a c  t l  o n a t  I o r i s .
A c i d i c  f r a c t i o n
E x t r a c t i o n  w i t h  5% TCA a t  70°C has  c ommo n l y  been  
u sed  I n  t h e  S c h n e i d e r  n u c l e i c  a c i d  p r o c e d u r e  ( H u t c h i n s o n  and 
f i u n r o  1961)  w h i c h  p r o m p t e d  I t s  use h e r e  f o r  a c i d i c  p r o t e i n  
e x t r a c t  I on .
F i g  3 shows t h e  e f f e c t  o f  d i f f e r e n t  e x t r a c t i o n  
p e r i o d s  on t h e  y i e l d  o f  p r o t e i n  e x t r a c t e d  w i t h  h o t  TCA I n  
b o t h  r o o t  and s h o o t  m a t e r i a l .  S e e d l i n g s  us ed  f o r  t h i s  t e s t  
w e r e  one m on t h  o l d .  S o l u b l e  p r o t e i n  had been  r emoved  f r o m  
t h e  t i s s u e  by e x t r a c t i o n  w i t h  0.1% P y r c n e g .  ho l i p i d  
s o l v e n t s  w e r e  u s e d .  A f t e r  8 - 9  h o u r s ,  maxim.umi p r o t e i n  was e x ­
t r a c t e d  f r o m  b o t h  r o o t  and s h o o t  t i s s u e .  F o r  r o u t i n e  
a n a l y s i s  t h e r e a f t e r ,  an e x t r a c t i o n  p e r i o d  o f  9 h r  was u s e d .
A l k a 1 i f r a c t i o n
I n s o l u b l e  p r o t e i n  c an  o f t e n  be s o l u b i l i z e d  by 
h e a t i n g  w i t h  d i l u t e  NaQH ( H a u r o w l t z  1 9 6 3 ) .  Ogur and Fvosen 
( 1 9 5 0 )  us ed  h o t  2N NaQH t o  e x t r a c t  p r o t e i n  f r o m  t h e  r e s i d u e
a f t e r  r e m o v a l  o f  n u c l e i c  a c i d s  f r o m  c o r n  r o o t  t i p s .  Hence ,  
NaOH was u sed  t o  e x t r a c t  a l k a l i - s o l u b l e  m a t e r i a l  f r o m  hom­





f i g  3 ( L e f t )  E f f e c t  o f  l e n g t h  o f  e x t r a c t i o n  
p e r i o d  w i t h  5% TCA a t  70°C on p r o t e i n  y i e l d  
( m g / g  r e l a t i v e  t o  f r e s h  w e i g h t  o f  m a t e r i a l  
e x t r a c t e c )  f r o m  h o m o g e n a t e s  o f  r o o t s  and 
s h o o t s  o f  one mon t h  o l d  s e e d l i n g s .
f i g  k  ( R i g h t )  E f f e c t  o f  l e n g t h  o f  e x t r a c t i o n  
p e r i o d  w i t h  2M NaOH a t  70°  C on  p r o t e i n  
y i e l d  f r o m  r e s i d u e  l e f t  a f t e r  c o m p l e t e  a c i d  
e x t r a c t i o n  o f  f i g  3 .
f i g  b  shows t h e  e f f e c t  o f  t i m e  on  e x t r a c t i o n  o f  
p r o t e i n  w NaOH a t  70°C f r o m  t h e  r e s i d u e  l e f t  a f t e r  e x ­
t r a c t i o n  f o r  9 h o u r s  w i t h  5% TCA a t  70°C i n  t h e  e x p e r i m e n t  
a b o v e .  I n  s h o o t s  t h e r e  was a s l i g h t  i n c r e a s e  e v e n  w i t h  a 
2 0 h r  e x t r a c t i o n  p e r i o d .  I n  r o o t s ,  e x t r a c t i o n  was c o m p l e t e  
a f t e r  l O h r .
f o r  r o u t i n e  a n a l y s i s ,  a l O h r  e x t r a c t i o n  p e r i o d  was 
u s e d .  L a t e r  a n a l y s e s  s u g g e s t e d  t h a t  1H NaCH gave  s i m i l a r
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r e s u l t s  t o  a 2M s o l u t i o n ;  t h e  more  d i l u t e  a l k a l i  was s u b ­
s e q u e n t l y  p r e r e r r e d .
P r e c i p i t a t i o n  o f  p r o t e i n
P r o t e i n  i n  s o l u t i o n  c a n  o f t e n  be  p r e c i p i t a t e d  w i t h  
t h e  a i d  o f  v a r i o u s  a g e n t s .  S a t u r a t e d  o r  ha 1f - s a t u r a t e d  
s o l u t i o n s  o f  (NH4 )2 S04 a r e  o f t e n  e f f e c t i v e  i n  ' s a  111 n g - o u t '  
p r o t e i n s .  A l k a l i  m e t a l  a n d  Mg s a l t s  o f  s u l p h a t e  a n a  a c e t a t e  
a r e  a l s o  u s e d  ( K e l l e r  and  B l o c k  1960 ,  H a u r o w i t z  1 9 6 3 ) .
None o f  t h e s e  t e c h n i q u e s  p r o v e d  e f f e c t i v e  w i t h  a n y  
o f  t h e  t h r e e  e x t r a c t s  h e r e .  On s t a n d i n g  f o r  s e v e r a l  d a y s ,  
e s p e c i a l l y  i n t h e  c o l d ,  t h e  s o l u t i o n s  a p p e a r e d  c l o u d y .  
A c i d i f y i n g  t h e  a l k a l i  f r a c t i o n  w i t h  HC 1,  o r  ma k i n g  t h e  a c i a  
o r  n e u t r a l  e x t r a c t s  a l k a l i  y i t h  NaOH c a u s e d  r a p i d  p r e c i p ­
i t a t i o n  o f  d a r k  b r own  m a t e r i a l .  The s u p e r n a t a n t s  f r om t h e  
n e u t r a l  a nd  a c i d i c  e x t r a c t s  l e f t  a f t e r  t h e s e  s o l u t i o n s  we r e  
s p u n  down r e m a i n e d  c l e a r  e v e n  a f t e r  s e v e r a l  w e e k s ,  b u t  a 
s l i g h t  c l o u d i n e s s  a p p e a r e d  i n  t h e  a l k a l i  f r a c t i o n  a f t e r  
p r o l o n g e d  s t a n d i n g .
T a b l e  1 shows  t h e  r e s u l t s  o f  e x t r a c t i o n s  u s i n g  a 
m o d i f i e d  S c h n e i d e r  m e t h o d  a n d  t h e  s t a n d a r a  p r o c e d u r e  o r  
F i g  2.  N e e d l e s  f r o m f i v e  mon t h  o l d  s e e d l i n g s  we r e  u s e d  t o r  
t h e  e x t r a c t i o n s .  The a m o u n t s  o f  m a t e r i a l s  p r e c i p i t a t e a  f r om 
t h e  v a r i o u s  s o l u t i o n s ,  m e a s u r e d  by w e i g h i n g  a f t e r  d r y i n g ,  a r e  
shown t o g e t h e r  w i t h  t h e  p r o t e i n  l e v e l s  I n  t h e  s o l u t i o n s  
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m e t h o d .  The a l k a l i  e x t r a c t  was s e p a r a t e d  i n t o  t h e  p r e c i p -  
i t ä t e  and t h e  s u p e r n a t a n t  b ec a u s e  a t t e m p t s  we re  made t o  p r e ­
c i p i t a t e  more m a t e r i a l  f r o m  t h e  s u p e r n a t a n t .  The p r o t e i n  
c o n t e n t  o f  t h e  a c i d - p r e c i p i t a t e d  m a t e r i a l  was e s t i m a t e d  by 
t h e  L o w r y  p r o c e d u r e  a f t e r  i t  was r e o i s s o l v e o  i n  a s m a l l  
amoun t  o f  1M NaÜH.
O n l y  a s ma 11 p r o p o r t i o n  o f  t h e  t o t a l  p r o t e i n  was 
l e f t  i n  t h e  a c i d i c  and n e u t r a l  s u p e r n a t a n t s  a f t e r  p r e c i p ­
i t a t i o n .  More t h a n  one t h i r d  o f  t h e  p r o t e i n  i n  t n e  a l k a l i  
f r a c t i o n  was p r e c i p i t a t e o  b u t  much p r o t e i n  r e m a i n e d  i n  t h e  
s o l u t i o n .  On s t a n d i n g  i n  t h e  c o l d ,  v e r y  s m a l l  a m o u n t s  o f  
m a t e r i a l  p r e c i p i t a t e ^  f r o m  t h i s  s u p e r n a t a n t .  I n  g e n e r a l ,  t h e  
sum o f  t h e  w e i g h t  o f  m a t e r i a l  p r e c i p i t a t e d  and t h e  w e i g h t  o f  
p r o t e i n  l e f t  i n  s o l u t i o n  was v e r y  c l o s e  t o  t h e  w e i g h t  o f  
p r o t e i n  i n  t h e  n o n - p r e c i p i t a t e d  s o l u t i o n .  T h i s  s u g g e s t s  t h a t  
a l l  t h e  m a t e r i a l  p r e c i p i t a t e d  f r o m  t h e s e  f r a c t i o n s  was 
p r o  t e i n .
P r o t e i n  f r a c t i o n  n o m e n c l a t u r e
The f o l l o w i n g  n o m e n c l a t u r e  was a d o p t e u  f o r  t h e  
p r o t e i n  f r a c t i o n s .  The p r o t e i n  e x t r a c t e c  i n  t h e  n e u t r a l  and 
a c i d i c  f r a c t i o n s  and s u b s e q u e n t l y  p r e c i p i t a t e d  f r o m  them was 
c a l l e d  s o l u b l e  and TCA s o l u b l e  p r o t e i n  r e s p e c t i v e l y .  The 
m a t e r i a l  p r e c i p i t a t e d  f r o m  t h e  a l k a l i  f r a c t i o n  was c a l l e c  HC 1 
i n s o l u b l e  p r o t e i n  w h i l e  t h e  m a t e r i a l  r e m a i n i n g  i n  t h e  s u p e r ­
n a t a n t  o f  t h e  a l k a l i  f r a c t i o n  was c a l l e d  a l k a l i - a c i c  s o l u b l e
p r  o t  e i n .
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P r o t e i n  by Nes s  1 e r i z a t I  on
To t e s t  i f  m e a s u r e m e n t  o f  N c o n t e n t  o f  p r o t e i n  
s o l u t i o n s  by N e s s 1 e r i z a t i o n  was  p o s s i b l e ,  n e u t r a l ,  a c i d i c  anG 
a l k a l i n e  e x t r a c t s  o f  f i v e  mont h  o l d  P . r a d i a t a  n e e d l e s  we r e  
p r e p a r e d  a s  o u t l i n e d  a b o v e .  The s o l u t i o n s  we r e  t r e a t e d  w i t h  
a c i d  f o r  c o l o r i m e t r i c  N d e t e r m i n a t i o n  a s  a e s c r i b e d  e a r l i e r .  
Lowr y p r o t e i n  c o n t e n t  o f  t h e  s a m p l e s  was  a l s o  d e t e r m l  neci and 
c o n v e r t e d  t o  N c o n t e n t  by d i v i d i n g  t h e  r e s u l t  by 6 . 2 5 .
T a b l e  2 N c o n c e n t r a t i o n  ( mg / g  r e l a t i v e  t o  o v e n  
d r y  w e i g h t  o f  o r i g i n a l  m a t e r i a l  
e x t r a c t e d )  o f  p r o t e i n  f r a c t i o n s  m e a s u r e d  
by Ne s s  1 e r i z a t i o n ,  Lowry o r  n i n h y o r i n  
t e c h n i q u e s  ( me a n s  o f  two r e p l i c a t e s ) .
N e u t r a l
F r a c t i o n  
A c i d i c A l k a l i
Ne s s 1 e r i z a t i o n O. ' t 0 . 3 1 . 5
Lowry p r o t e i n  N 2 . 2 3 . 0 6 . 6
N I n h y d r i n  a mi n o - N 1 . 7 - -
Ami no- N c o n c e n t r a t i o n  o f  t h e  s o l u b l e  f r a c t i o n  was d e t e r m i n e d  
w i t h  n i n h y d r l n  ( R o s e n  1957)  a g a i n s t  l e u c i n e  s t a n d a r d s  anu  
t h e n  c o n v e r t e d  t o  N c o n t e n t  o f  t h e  a mi n o  g r o u p .  R e s u l t s  a r e  
shown i n  T a b l e  2.
Even e x c l u d i n g  t h e  l i k e l i h o o d  t h a t  o t h e r  N 
c o mp o u n d s  we r e  p r e s e n t  i n  t h e  t e s t  s o l u t i o n s  and  n o t  m e a s u r e d  
by t h e  Lowry o r  n i n h y d r i n  t e c h n i q u e s ,  t h e  low N c o n t e n t s  o f  
t h e  s o l u t i o n s  d e t e r m i n e d  by N e s s  1 e r i z a t I  o n  we r e  s t r i k i n g .
The v o l a t i l i t y  o f  N compounds  as t h e  w a t e r  i n  t h e  s o l u t i o n s  
e v a p o r a t e d  away c u r i n g  a c i d  t r e a t m e n t  p r o b a b l y  l e d  t o  t h e  
much r e d u c e a  N c o n t e n t  o f  t h e s e  s o l u t i o n s .
Ness 1 e r i z a t i o n  a p p e a r e d  t o  be u n s a t i s f a c t o r y  f o r  
c e t e r m i n a t i o n  o f  p r o t e i n  c o n t e n t  o f  s o l u t i o n s .
HEAVY METAL CONTENT OF PROTEIN FRACTIONS
To e x a m i n e  t h e  r e l a t i o n  b e t w e e n  h e a vy  m e t a l s  ana 
p r o t e i n  i n  P.  r a a i a t a , a t e s t  was made o f  t h e  Cu,  2 n,  Mn ana 
Fe c o n t e n t s  o f  t h e  v a r i o u s  p r o t e i n  f r a c t i o n s  e x t r a c t e d .
F r e s h  n e e d l e  m a t e r i a l  f r o m  f i v e  m o n t h  o l d  s e e d l i n g s  
was f r a c t i o n a t e d  a c c o r d i n g  t o  t h e  s t a n a a r d  p r o c e d u r e  o f  
F i g  2.  S o l u t i o n s  b e f o r e  and  a f t e r  p r e c i p i t a t i o n  and t h e  p r e ­
c i p i t a t e s  t h e m s e l v e s  we re  o x i d i s e d  w i t h  \ * ~ J l 2 Li 9 
H2 S04 i  HC 1 04 J HN03 . M e t a l  c o n t e n t s  w e r e  d e t e r m i n e d  w i t h  an 
a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t e r .  R e s u l t s  a r e  shown i n  
T a b l e  3 .
For  t h e  s o l u b l e  and TCA s o l u b l e  p r o t e i n ,  v i r t u a l l y  
a l l  t h e  m e t a l  was f o u n d  i n  t h e  m a t e r i a l  p r e c i p i t a t e a  f rom,  t h e  
i n i t i a l  e x t r a c t s  and  v e r y  l i t t l e  was l e f t  i n  t h e  s o l u t i o n  
a f t e r  p r e c i p i t a t i o n .  C o n s i s t e n t l y ,  t h e  amoun t  o f  m e t a l  i n  
t h e  p r e c i p i t a t e s  e x c e e d e d  t h e  a m o u n t s  i n  t h e  s o l u t i o n  b e f o r e  
o r  a f t e r  p r e c i p i t a t i o n .  T h i s  may hav e  been  aue t o  l o s s  o r  
m e t a l  c a r r i e d  away w i t h  o t h e r  v a p o u r s  as t h e  s o l u t i o n s  c r i e a  
o u t  d u r i n g  a c i d  t r e a t m e n t .
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Table 3 Heavy metal content of protein fractions 
extracted according to the procedure of fig 2. 
Hetals expressed as ppm of the fresh weight of 
the needle material extracted. Each result is 
the mean of two samples.
Protein fraction Cu Zn H n Fe
Before pptn Ü. 8 17. 1 32.6 64.5
Soluble After pptn 0.0 1. 1 0. 6 1.1
Precipi täte 0.4 16.0 34. c 115.9
Before pptn 2.9 6.2 2.4 36.6
TCA
After pptn 0.6 1.7 0.5 6.5soluble
Precipitate 3.8 12.3 4.0 55.4
A1kali-aclo sol After pptn 1.6 2.6 1.5 73.0
HC 1 insoluble Precipi täte 0.7 0. 1 0.0 0.9
For the alkali-acid soluble and HC1 insoluble 
protein fractions, very litle metal was precipitated from 
solution and most stayed in the alkali-acid soluble fraction. 
It was Impossible to say If this metal was associatea with 
the protein in the alkali-acid soluble fraction or with other 
components of the solution.
EXTRACTION AND ASSAY OF NUCLEIC ACIDS 
Techniques tested
Fractions extracted from needles of five month ole 
P, radiata seedlings by modified Schn.i dt-Thannhauser and 
Schneider procedures and the standard procedure of Fig 2 were 
tested for nucleic acid content. The fractions extracted are
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shown i n  T a b l e  4 .  The s t e p s  I n v o l v e d  i n  t h e  Schmi  d t -  
T h a n n h a u s e r  and  S c h n e i d e r  e x t r a c t i o n s  we re  d e r i v e d  as 
f o  1 l o w s .
A f t e r  i n i t i a l  e x t r a c t i o n  w i t h  c o l d  TCA o r  w a t e r ,  
t h e  l i p i d  s o l v e n t s  o f  F i g  2 w e r e  u s e d .  H u t c h i n s o n  and  H u n r o  
( 1 9 6 1 )  s u g g e s t e d  t h a t  o l d e r  p r o c e d u r e s  f o r  n u c l e i c  a c i d  
e s t i m a t i o n  r e l i e d  on d e t e r m i n a t i o n  o f  P c o n t e n t  o f  t i s s u e ;  
t h i s  r e q u i r e d  t h a t  p h o s p h o l i p i d s  be r emoved  w i t h  o r g a n i c  
s o l v e n t s .  W i t h  u l t r a - v i o l e t  l i g h t  n u c l e i c  a c i d  a s s a y ,  o r  
c h e m i c a l  m e t h o d s  t h a t  do n o t  r e l y  on  P d e t e r m i n a t i o n ,  l i p i c  
r e m o v a l  may n o t  be n e c e s s a r y .  H o w e v e r ,  t h e  unknown e f f e c t s  
o f  p i g m e n t s  and n u c l e o t i d e - a m i n o  a c i d  c o m p l e x e s ,  w h i c h  a r e  
r emo v ed  by t h e s e  s o l v e n t s ,  on  n u c l e i c  a c i d  a s s a y s  s u g g e s t e o  
t h a t  i t  m i g h t  be w i s e  t o  p e r s i s t  w i t h  t h e  o r g a n i c  s o l v e n t s .
To a t t e m p t  t o  remove  RNA f r o m  t h e  t i s s u e  s e p a r a t e l y  
f r o m  DNA, c o l d  6% p e r c h l o r i c  a c i d  (PCA) e x t r a c t i o n  ( ü g u r  ana 
Rosen  195Ü) was t e s t e d  i n  t h e  m o d i f i e d  S c h n e i d e r  p r o c e c u r e .  
Ho t  3% PCA was us ed  t o  a t t e m p t  t o  r emove b o t h  RNA and DNA i n  
t h e  m o d i f i e d  S c h m i d t - T h a n n h a u s e r  p r o c e d u r e .  N e i t h e r  o f  t h e s e  
p r o c e d u r e s  remo ved  any  m a t e r i a l  r e a c t i n g  w i t h  d i p h e n y 1 am i ne  
( T a b l e  A ) .  Fo r  t h e  h o t  PCA t h i s  was m o s t  u n u s u a l  as DNA i s  
n o r m a l l y  e x t r a c t e d  by h o t  a c i d  i n  t h e  s t a n d a r d  S c h n e i d e r  
p r o c e d u r e .
From t h i s  p o i n t  I n  t h e  p r o c e d u r e s  t h e  c o n v e n t i o n a l  
s t e p s  ( H u t c h i n s o n  and H u n r o  1961)  i n  S c h m i a t - T h a n n h a u s e r  ana 
S c h n e i d e r  p r o c e d u r e s  we re  f o l l o w e d  ( T a b l e  A ) .  A f t e r  t h e  I h r  
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a n o t h e r  h o t  a l k a l i  e x t r a c t  t o  a t t e m p t  t o  e x t r a c t  a ny  r e s i d u a l  
n u c l e i c  a c i e .  The h o t  TCA e x t r a c t  o f  t h e  S c h n e i d e r  p r o c e d u r e  
was f o l l o w e d  by a h o t  a l k a l i  e x t r a c t  t o  see i f  f u r t h e r  
m a t e r i a l  c o u l d  be e x t r a c t e d ,  M a t e r i a l  was p r e c i p i L a t e d  r r o m 
t h e  S c h n e i d e r  and  s t a n d a r d  p r o c e d u r e  f r a c t i o n s  as  d e s c r i b e e  
f o r  p r o t e i n  a s s a y .  HC 1 i n s o l u b l e  m a t e r i a l  was r e d i s s o l v e d  I n  
1M NaQH f o r  n u c l e i c  a c i d  a s s a y .
R e s u l t s  o f  n u c l e i c  a c i d  c o l o r i m e t r i c  a s s a y s
The c o n c e n t r a t i o n s  r e l a t i v e  t o  t h e  f r e s h  w e i g h t  o f  
t h e  e x t r a c t e d  m a t e r i a l ,  b a s e d  on  RNA and DNA s t a n d a r d s ,  o f  
s u b s t a n c e s  r e a c t i n g  w i t h  o r c l n o l  o r  d I p h e n y 1 a m i ne  i n  t h e  
v a r i o u s  f r a c t i o n s  e x t r a c t e d  a r e  shown i n  T a b l e  4 .  I n  t h e  
S c h m i d t - T h a n n h a u s e r  e x t r a c t  RNA w o u l d  be e x p e c t e d  i n  t h e  h o t  
PCA e x t r a c t  and ,  I f  n o t  a l l  e x t r a c t e d  I n  t h a t  f r a c t i o n ,  i n  
t h e  f i r s t  a l k a l i - a c i d  s o l u b l e  f r a c t i o n .  N o r m a l l y  ( H u t c h i n s o n  
and Munr o  1 9 6 1 ) ,  I h r  i n  0 . 3M NaOH i s  l o n g  e no ugh  t o  e x t r a c t  
a l l  t h e  RNA. B u t  much o r c l n o l  r e a c t i n g  m a t e r i a l  was f o u n d  i n  
t h e  h o t  TCA e x t r a c t  and t h e  s u b s e q u e n t  s e c o n d  h o t  a l k a l i  
e x t r a c t .  I n  b o t h  t h e  S c h n e i d e r  and s t a n d a r d  p r o c e d u r e s ,  t h e  
h i g h e s t  c o n c e n t r a t i o n  o f  o r c l n o l  r e a c t i n g  m a t e r i a l  was f o u n d  
i n  t h e  TCA e x t r a c t .  T h i s  f r a c t i o n  w o u l d  n o r m a l l y  be e x p e c t e d  
t o  c o n t a i n  RNA, so t h i s  r e s u l t  s u g g e s t e d  t h a t  t h e s e  f r a c t i o n s  
d i d  c o n t a i n  RITA. The c o n c e n t r a t i o n  o f  o r c l n o l  r e a c t i n g
m a t e r i a l  l e f t  i n  s o l u t i o n  a f t e r  p r e c i p i t a t i o n  was l o w e r  t h a n  
b e f o r e  p r e c i p i t a t i o n .
A num ber o f  s u b s t a n c e s  o t h e r  th a n  RNA may r e a c t
w i t h  o r c i n o l ,  p a r t i c u l a r l y  c a r b o h y d r a t e s  and l a r g e  a m o u n t s  c 1 
p r o t e i n  ( H u t c h i n s o n  and Munr o  1 9 6 1 ) .  The o r c i n o l  r e a c t i n g  
m a t e r i a l  p r e c i p i t a t e d  f r o m  s o l u t i o n  was p r o b a b l y  p r o t e i n ,  
s i n c e  i t  was m a i n l y  p r o t e i n  t h a t  was p r e c i p i t a t e d  f r o m  t h e s e  
s o l u t i o n s  ( s e e  e a r l i e r ) .  H o w e v e r ,  b e c a u s e  i n t e r f e r i n g  
s u b s t a n c e s  a p p e a r e d  i n  a l l  f r a c t i o n s ,  t h e  a s s a y  was 
u n r e l i a b l e  and seemed u n s u i t e d  f o r  c o n v e n t i o n a l  e x t r a c t i o n  
p r o c e d u r e s  w i t h  P , r a d  I a t a  t i s s u e .
D I p h e n y 1 am i ne  r e a c t i n g  m a t e r i a l  was f o u n d  o n l y  i n  
s o l u t i o n s  l e f t  a f t e r  p r e c i p I t a t i o n  o f  m a t e r i a l  and i n  t h e  HC 1 
i n s o l u b l e  m a t e r i a l  w h i c h  was r e d i s s o l v e d  i n  NaCH f o r  a s s a y .  
T h i s  s u g g e s t e d  t h a t  p r e c i p i t a t i o n  r e l e a s e d  s u b s t a n c e s  
r e a c t i v e  w i t h  d I p h e n y 1 a m i n e .  S u g a r s  and p r o t e i n  b o t h  r e a c t  
w i t h  d i p h e n y 1 am in e  ( H u t c h i n s o n  and Munr o  1961)  and t h e s e  may 
ha ve  been  I n v o l v e d  h e r e .  The s t a n d a r d  p r o c e d u r e  f o r  DNA 
e x t r a c t i o n  and a s s a y  seemed q u i t e  u n s u i t e d  t o  P . r a c i a t a  
t I s s u e .
U l t r a - v i o l e t  l i g h t  s p e c t r o p h o t o m e t r i c  a s s a y  o f  n u c l e i c  a c i d s
F i g  5 shows s c a n s  o f  s e v e r a l  o f  t h e  s o l u t i o n s  
e x t r a c t e d  i n  t h e  S c h m i d t - T h a n n h a u s e r  p r o c e d u r e  c om pa r ed  w i t h  
a p u r e  s a m p le  o f  RNA. F i g  6 shows s c a n s  o f  s o l u t i o n s  l e f t  
a f t e r  p r e c i p i t a t i o n  o f  m a t e r i a l  f r o m  t h e  f r a c t i o n s  e x t r a c t e d  
by  t h e  S c h n e i d e r  p r o c e d u r e  c om pa r ed  w i t h  a s c a n  o f  p u r e  DNA.
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F i g  5 ( L e f t )  and F i g  6 ( R i g h t )  U l t r a - v i o l e t  l i g h t  
s p e c t r a  o f  s o l u t i o n s  e x t r a c t e c  by  t h e  
S c h m i d t - T h a n n h a u s e r  p r o c e d u r e  c om pa r ed  w i t h  
a bOyug/ml s a m p l e  o f  p u r e  RNA ( F i g  5)  and by  
t h e  S c h n e i d e r  p r o c e d u r e  c o m p ar e d  w i t h  a 
AC/ jg /ml  s a m p le  o f  p u r e  DNA ( F i g  6 ) .  I n  
b o t h  c a s e s ,  b a c k g r o u n d  a b s o r p t i o n  due t o  
TCA has  been s u b t r a c t e d  f r o m t h e  s c a n s  f o r  
t h e  TCA s o l u b l e  f r a c t i o n s .
I n  none o f  t h e  s o l u t i o n s  was t h e r e  a peak  n e a r  t h e  
max ima f o r  RNA o r  DNA. The maxima a t  a r o u n d  270nyj  f o r  t h e  
e x t r a c t s  i n  F i g  5 c o r r e s p o n d  t o  t h o s e  f o r  p o l y p e p t i d e s  ( F l e c k  
and Munr o  1962 ,  Munns and J o h n s o n  1 9 6 0 ) .  T h i s  s u g g e s t e d  
p r o t e i n  I n  t h e  s o l u t i o n s  i n t e r f e r e d  w i t h  n u c l e i c  a c i d  a s s a y ,  
i f  any  n u c l e i c  a c i d  was p r e s e n t .  These  p e a ks  w e r e  n o t  
p r e s e n t  i n  s o l u t i o n s  f r o m  w h i c h  m a t e r i a l  had been  p r e c i p ­
i t a t e d  ( F i g  6 ) .  T h i s  s u p p o r t s  t h e  e a r l i e r  f i n d i n g  t h a t  t he  
p r e c i p i t a t e d  m a t e r i a l  was p r o t e i n .  The a l k a l i - a c i d  s o l u b l e  
f r a c t i o n  c o n t a i n e d  much p r o t e i n  b o t h  b e f o r e  and a f t e r  
a t t e m p t s  we re  mace t o  p r e c i p i t a t e  m a t e r i a l  f r o m  i t  ( T a b l e  1 ) .  
The UV s c a n s  i n  F i g s  5 and 6 showed l i t t l e  e v i d e n c e  t h a t  
t h e s e  s o l u t i o n s  c o n t a i n e d  p r o t e i n  w i t h  s i m i l a r  UV c h a r a c t e r ­
i s t i c s  t o  t h o s e  i n  o t h e r  f r a c t i o n s .
1Ü3
SUMMARY AND CONCLUSIONS
F r a c t I o n a t l o n  o f  P . r a d i a t a  t i s s u e  a t  n e u t r a l ,  a c i a  
and a l k a l i  pH p r o d u c e d  r e c o g n i s a b l e  p r o t e i n  c o n t a i n i n g  f r a c ­
t i o n s .  A l m o s t  a l l  t h e  p r o t e i n  c o u l d  be p r e c i p i t a t e d  f r o m  
t h e s e  f r a c t i o n s ,  e x c e p t  p r o t e i n  s o l u b l e  i n  a c i d  and a l k a l i  
r e m a i n e d  i n  s o l u t i o n  i n  one o f  t h e  f r a c t i o n s .  I t  seemed 
l i k e l y  t h a t  a l l  t h e  m a t e r i a l  p r e c i p i t a t e d  f r o m  t h e  n e u t r a l  
and a c i d i c  f r a c t i o n s  was p r o t e i n .  A d d i t i o n  o f  a l k a l i  t o  
n e u t r a l  o r  a c i d i c  e x t r a c t s  o r  a c i d  t o  a l k a l i  e x t r a c t s  c a u s e d  
p r e c i p i t a t i o n ,  e s p e c i a l l y  I n  t h e  c o l d .  . S a l t i n g  o u t  o r  
c o a g u l a t i o n  o f  , p r o t e i n  by h e a t i n g  w e r e  u n s u c c e s s f u l  i n  
c a u s i n g  p r o t e i n  p r e c i p i t a t i o n .
Mos t  o f  t h e  h e a vy  m e t a l s  Cu,  Zn,  Mn and Fe f o u n d  I n  
t h e  n e u t r a l  and a c i d i c  f r a c t i o n s  was p r e c i p i t a t e d  w i t h  t h e  
p r o t e i n  on  a d d i t i o n  o f  a l k a l i .  V e r y  l i t t l e  m e t a l  p r e c i p ­
i t a t e d  w i t h  t h e  HC1 i n s o l u b l e  m a t e r i a l  b u t  was r e t a i n e d  i n  
t h e  a l k a l i - a c i d  s o l u b l e  f r a c t i o n .
Lo ss  o f  N o r  hea v y  m e t a l s  by v a p o u r i s a t i o n  d u r i n g  
a c i d  d i g e s t i o n  o f  s o l u t i o n s  made p r o t e i n  e s t i m a t e s  by 
Ness 1 e r  I z a t I  on and e s t i m a t e s  o f  m e t a l  c o n t e n t s  u n r e l i a b l e  f o r  
m a t e r i a l s  i n  s o l u t i o n .
I t  was n o t  c l e a r  i f  n u c l e i c  a c i d s  we re  e x t r a c t e d  
f r o m  P . r  a d i a  t  a t i s s u e  w i t h  t h e  p r o t e i n  f r a c t i o n s .  
I n t e r f e r e n c e ,  p o s s i b l y  by p r o t e i n  and c a r b o h y a r a t e ,  w i t h  t h e  
o r c i n o l  and d I p h e n y 1 a m i ne  r e a c t i o n s  f o r  RNA and  DNA 
r e s p e c t i v e l y  made i t  i m p o s s i b l e  t o  d e t e r m i n e  i n  w h i c h  f r a c -
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t i o n s  n u c l e i c  a c i d s  w e r e  e x t r a c t e d ,  I f  a t  a l l .  U l t r a - v i o l e t  
l i g h t  s p e c t r o p h o t o m e t r y  p r o d u c e d  no e v i d e n c e  o f  n u c l e i c  a c i d s  
i n  t h e s e  e x t r a c t s  e i t h e r  b e f o r e  o r  a f t e r  p r e c i p i t a t i o n .  
C o n v e n t i o n a l  S c h m l d t - T h a n n h a u s e r  and S c h n e i d e r  t e c h n i q u e s  
seemed q u i t e  u n s u i t e d  t o  P ,  r a d i a t a  t i s s u e .
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PAPER k
R E L E A S E  OF STORED METAL, AND UPTAKE AND TRANSPORT 
OF HEAVY METALS I N  SEEDLINGS OF PINUS RADIATA D.DON
ABSTRACT
B o t h  Cu and Zn w h i c h  had been  s t o r e d  I n  r o o t s  o f  
P.  r a d i a t  a s e e d l i n g s  d u r i n g  p r e t r e a t m e n t  w i t h  h i g h  m e t a l  
l e v e l s  w ^ r e  r a p i d l y  r e l e a s e d  t o  s h o o t s  when s e e d l i n g s  were  
p l a c e d  i n  d e f i c i e n t  s o l u t i o n s  f o r  t h r e e  m o n t h s .  T h i s  r e l e a s e  
may have  i n v o l v e d  s t o r a g e  p r o t e i n  t u r n o v e r .  The c o r r e l a t i o n  
b e t w e e n  t h e  r a t e s  o f  u p t a k e  by r o o t s  and  t r a n s f e r  t o  s h o o t s  
o f  Cu,  Zn ,  Mn and  Fe w e r e  s t u d i e d .  These  m e t a l s  a p p e a r e d  t o  
hav e  d i f f e r e n t  r o o t  u p t a k e  m ec h a n i s m s ,  b u t  t h e  same m e ch an i s m  
f o r  r e l e a s e  t o  t h e  x y l e m  s t r e a m  when a l l  we re  i n  a d e q u a t e  
s u p p l y .
Cu o r  Zn d e f i c i e n c y  r e d u c e d  t r a n s p i r a t i o n  r a t e  i n  
t h e s e  s e e d l i n g s .  H o w e v e r ,  r a t e  o f  t r a n s p o r t  o f  t h e s e  m e t a l s  
t o  s h o o t s  was n o t  c o r r e l a t e d  w i t h  t r a n s p i r a t i o n  r a t e s  t h i s  
may be due t o  t h e  r e c e n t l y  p o s t u l a t e d  mec han i s m f o r  m e t a l  
t r a n s p o r t  i n  t h e  xy le rm.  The l o n g  t e r m  n a t u r e  o f  t h e  e x p e r ­
i m e n t  c a s t  d o u b t s  on t h e  v a l i d i t y  o f  some o f  t h e s e
c one  1 us  I o n s
INTRODUCTION
P r e v i o u s  w o rk  I n  t h i s  s e r i e s  s u g g e s t e d  t h a t  when an 
e x c e s s  o f  h e a v y  m e t a l s  ( Cu ,  Zn ,  Mn o r  Fe )  was a v a i l a b l e  t o  
P,  r a d l a t a  s e e d l i n g s  i n  n u t r i e n t  s o l u t i o n s ,  t h e  e x c e s s  was 
s t o r e d  I n  r o o t s  i n  a s s o c i a t i o n  w i t h  p r o t e i n .  I f  h e l d  a t  p r o ­
t e i n  s u r f a c e s ,  m e t a l s  a r e  g e n e r a l l y  r e a d i l y  r e l e a s e d  f r o m  t h e  
p r o t e i n  by t r e a t m e n t  w i t h  d i l u t e  a c i d s  ( H a u r o w l t z  1 9 6 3 ) .  b u t  
I n  s u b s e q u e n t  w o r k  I n  t h i s  . s e r i e s ,  s u b s t a n t i a l  a mo un t s -  o f  
m e t a l s  w e r e  f o u n d  t o  be a s s o c i a t e d  w i t h  p r o t e i n  p r e c i p i t a t e d  
a f t e r  t r e a t m e n t  w i t h  a c i d s .  V e r y  l i t t l e  m e t a l  was l e f t  I n  
t h e  s u p e r n a t a n t  a f t e r  p r e c i p i t a t i o n .  T h i s  s u g g e s t s  t h a t  t h e  
e x c e s s  m e t a l  s t o r e d  I n  a s s o c i a t i o n  w i t h  p r o t e i n  I s  f i r m l y  
bou nd  w i t h i n  t h e  p r o t e i n  s t r u c t u r e ,  p e r h a p s  d u r i n g  s e c o n d a r y  
o r  t e r t i a r y  f o l d i n g  ( L I  1 9 6 6 ) .  T h i s  may p r e v e n t  r e l e a s e  o f  
t h e  s t o r e d  m e t a l  I f  t h e  p l a n t  s h o u l d  e n c o u n t e r  m e t a l  s t r e s s  
c o n d i t i o n s .
The e x p e r i m e n t  r e p o r t e d  h e r e  .was p r i m a r i l y  d e s i g n e d  
t o  d e t e r m i n e ,  w h e t h e r  o r  n o t  s t o r e d  m e t a l  was r e l e a s e d  by 
r o o t s  when t h e  s e e d l i n g  was e x p o s e d  t o  m e t a l  d e f i c i e n c y .
I f  m e t a l s  s t o r e d  I n  r o o t s  a r e  a v a i l a b l e  f o r  r e l e a s e  
t o  s h o o t s ,  t h e n  t h e i r  u l t i m a t e  a v a i l a b i l i t y  w i l l  d e p en o  on 
t h e  c o n t r o l  mec ha n i s ms  w h i c h  a f f e c t  t h e i r  t r a n s f e r  t o  t h e  
s h o o t  and a l s o ,  I n  t h e  l o n g  r u n ,  t h e i r  u p t a k e  by r o o t s .  The 
l i t e r a t u r e  r e l a t i n g  t o  t h e  c o n t r o l  o f  I o n  u p t a k e  by  r o o t s  and 
t r a n s p o r t  t o  s h o o t s  I s  b r i e f l y  r e v i e w e d  h e r e  so  t h a t  
s u b s e q u e n t  d i s c u s s i o n  on  m e t a l  t r a n s p o r t  i n  s e e d l i n g s  may be 
p u t  I n  p e r s p e c t i v e .
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Work on  i o n  u p t a k e  by r o o t s  a n d  r e l e a s e  t o  t h e  
xy l e m s t r e a m  h a s  l a r g e l y  b e e n  r e s t r i c t e d  t o  s h o r t  t e r m 
s t u d i e s  w i t h  C l ” and  a l k a l i  m e t a l s ,  e s p e c i a l l y  K + ( Du n l o p  
197A,  L a t i e s  1969 ,  L a u c h l i  1 9 / 2 ) .  For  t h e s e  I o n s ,  u p t a k e  
i n t o  t h e  c e l l  I s  c o n t r o l l e d  by d u a l ,  a c t i v e  me c h a n i s ms  
( E p s t e i n  1966 ,  L a t i e s  1969)  and  d e b a t e  I s  c o n t i n u i n g  a s  t o  
w h e r e  i n  t h e  c e l l  and  how t h e s e  m e c h a n i s m s  o p e r a t e  ( L a u c h l i  
1972 ,  L a t i e s  1969 ,  N i s s e n  1 9 7 3 a , b ) .  The f i r s t  me c h a n i s m 
wo r k s  a t  low e x t e r n a l  i o n  c o n c e n t r a t i o n s  ( 5 x l 0 “ 4 -  10” 3 M) a nd  
i s  s p e c i f i c  f o r  a p a r t i c u l a r  I o n .  The s e c o n d  i s  l e s s  
s p e c i f i c  a nd  o p e r a t e s  on  a number  o f  i o n s  when t h e y  a r e  
p r e s e n t  a t  h i g h e r  e x t e r n a l  c o n c e n t r a t i o n s .
A f t e r  a c t i v e  u p t a k e  a t  t h e  r o o t  e p i d e r m i s  a n a
c o r t e x ,  n u t r i e n t  i o n s  move p a s s i v e l y  I n  a s s o c i a t i o n  w i t h  
w a t e r  a c r o s s  t h e  r o o t  t i s s u e  t o  t h e  s t e l e .  T h i s  t r a n s p o r t  
may o c c u r  w i t h i n  t h e  c e l l  w a l l s  o r  t h r o u g h  t h e  c e l l s
t h e m s e l v e s  v i a  p 1a s m o d e s m a t a 1 c o n n e c t i o n s  ( L a u c h l i  1972 ,  Molz  
and  J k e n b e r r y  1 9 7 ^ ) .  The l a t t e r  p a t h w a y  s e e ms  t o  be more  
I m p o r t a n t  ( M l l t h o r p e  a n d  Moor  l e y  1 9 6 9 ) .  The C a s p a r  I a n  s t r i p  
a n d ,  i n  some c a s e s ,  s e c o n d a r i l y  t h i c k e n e d  e n d o d e r m ! s a r e  
t h o u g h t  t o  p r e v e n t  a ny  p a s s i v e  f l o w o f  t h o s e  I o n s  wh i c h  move 
w i t h i n  t h e  c e l l  w a l l  I n t o  t h e  x y l e m.  I n s t e a d ,  t h e s e  i o n s  a r e  
f o r c e d  t o  p a s s  i n t o  l i v i n g  c e l l s  w h i c h  m^y t h e n  a c t i v e l y  
c o n t r o l  t h e i r  f a t e .  T h e r e  may o c c a s i o n a l l y  be  l e a k s  I n  t h e  
e n d o a e r m a l  b a r r i e r  I n  some p l a n t s ,  b u t  t h e s e  a b e r r a t i o n s  a r e  
t h o u g h t  t o  h a v e  o n l y  s l i g h t  o v e r a l l  e f f e c t s  ( Kr a me r  1969,  
L a u c h l i  1972,  Br o u we r  1 9 6 5 ) .  f o r  t h e  mos t  p a r t ,  I o n s  a r e
a c t i v e l y  s e c r e t e d  i n t o  t h e  x y l e m v e s s e l s  ( L a u c h l i  1972 ,
L a c i e s  1969 ,  L a u c h l i  e t  a l  1971)  a l t h o u g h  t n e  d i r e c t i o n  o f  
t h e  a c t i v e  t r a n s p o r t  has  been  q u e s t i o n e d  ( D u n l o p  1 9 7 4 ) .  The 
x y l e m  p a r e n c h y m a  c e l l s  seem t o  be t h e  s i t e  o f  a c t i v e  r e l e a s e  
( L a u c h l i  e t  al  1971 ,  1 9 7 4 ) .
A f t e r  r e l e a s e  t o  t h e  x y l e m ,  . i o n s  move i n  
a s s o c i a t i o n  w i t h  t h e  t r a n s p i r a t i o n  s t r e a m ,  s o m e t i m e s  v e r y  
r a p i d l y  ( u p  t o  6 0 m / h r  i n  r a p i d l y  t r a n s p i r i n g  t r e e s )  ( K r a m e r  
1 9 6 9 ) .  A v e r y  c l o s e  c o r r e l a t i o n  h as  been  o b s e r v e d  b e t w e e n  
t r a n s p i r a 1 1  on r a t e  and t h e  r a t e  o f  i o n  movement  t o  s h o o t s ,  
ß r o u w e r  ( 1 9 6 5 )  s u g g e s t s  t h i s  o c c u r s  b e c a u s e  c h a n g e s  i n  t h e  
r a t e  o f  c e n t r i p e t a l  w a t e r  f l o w  a c r o s s  t he  r o o t  a c t u a l l y  
a f f e c t  t h e  r a t e  o f  t h e  a c t i v e  p r o c e s s  w h i c h  r e l e a s e s  i o n s  t o  
t h e  x y l e m  s t r e a m .  A l e s s  r e c e n t  r e v i e w  ( S c o t t  R u s s e l l  and 
B a r b e r  1960)  m a i n t a i n s  t h a t  when t h e  p l a n t  I s  u n d e r  n u t r i e n t  
s t r e s s ,  a c t i v e  c o n t r o l  o f  i o n  r e l e a s e  t o  t h e  x y l e m  I s  t i g h t e r  
and I o n  movement  d o e s  n o t  n e c e s s a r i l y  c o r r e l a t e  w i t h  t r a n s ­
p i r a t i o n  r a t e .
I n  a d d i t i o n  t o  e x a m i n i n g  r e l e a s e  o f  s t o r e d  m e t a l s  
( Cu ,  Z n ,  Mn and Fe)  f r o m  r o o t s  t o  s h o o t s ,  t h e  e x p e r i m e n t  
r e p o r t e d  h e r e  a l s o  e x a m i n e d  t h e  d y n a m i c s  o f  u p t a k e  o f  t h e s e  
m e t a l s  by r o o t s  and r e l e a s e  t o  s h o o t s  b o t h  i n  r e l a t i o n  t o  
e ac h  o t h e r  and i n  r e l a t i o n  t o  t h e  t r a n s p i r a t i o n  s t r e a m .  T h i s  
w o r k  d l  f f e r e d  s u b s t a n t i a l l y  f r o m  o t h e r  w o rk  on i o n  t r a n s p o r t  
i n  t h a t  i t  was a l o n g  t e r m  ( t h r e e  m o n t h )  s t u a y .
MATERIALS AND METHODS 
E x p e r l  m e n t a l
T h r e e - w e e k - o 1d P .  r a d l a t a  s e e d l i n g s  we re  
t r a n s f e r r e d  t o  p l a s t i c  p o t s  c o n t a i n i n g  n u t r i e n t  s o l u t i o n s  and 
g r o w n  i n  t h e  g l a s s h o u s e  as d e s c r i b e d  f o r  e a r l i e r  e x p e r i m e n t s .  
When Zn and Cu w e r e  p r e s e n t  i n  n o r m a l  c o n c e n t r a t i o n s  i n  n u t ­
r i e n t  s o l u t i o n s ,  t h e y  w e re  b o t h  s u p p l i e d  a t  Ü . 1 ppm w h i c h  has  
been  shown e a r l i e r  t o  be a d e q u a t e  f o r  b o t h  e l e m e n t s .
S e e d l i n g s  w e r e  g r o wn  f o r  10 weeks  w i t h  one  o f  f o u r  
n u t r i e n t  p r e t r e a t m e n t s ,  ( a )  no Zn ,  ( b )  Zri a t  l . G p pm ,  ( c )  no 
Cu o r  ( a )  Cu a t  l . G p p m .  A f t e r  10 we e ks ,  t r e a t m e n t s  ( b )  anc  
( d )  we re  s t o p p e d  and t h o s e  s e e d l i n g s  s u b s e q u e n t l y  r e c e i v e d  
s o l u t i o n s  w i t h  no added  Zn o r  Cu r e s p e c t i v e l y .  A t  t h e  same 
t i m e ,  h a l f  t h e  s e e d l i n g s  we re  c o v e r e d  w i t h  s h a d i n g  m a t e r i a l  
w h i c h  gave  40/« o f  f u l l  l i g h t  I n t e n s i t y .  S h a d i n g  was a p p l i e d  
t o  a l t e r  g r o w t h  and t r a n s p i r a t i o n  r a t e s  t o  a l l o w  c o m p a r i s o n  
o f  r a t e s  o f  m e t a l  movement  I n  s e e d l i n g s  u n d e r  d i f f e r e n t  
g r o w t h  c o n d i t i o n s .  S e e d l i n g s  we re  g r o w n  f o r  a n o t h e r  12 weeks  
w i t h  t h e s e  new t r e a t m e n t s .  A t o t a l  o f  16 p o t s  o f  s e e d l i n g s  
w e r e  u s e d ,  t wo  f o r  e a c h  n u t r i e n t  p r e t r e a t m e n t  -  l e v e l  o f  
s h a d i n g  c o m b i n a t i o n .  When s e e d l i n g s  we re  h a r v e s t e d ,  s a m p l e s  
f r o m  eac h  p a i r  o f  p o t s  w e r e  p o o l e d .  N u t r i e n t  s o l u t i o n s  we re  
c h a n ge d  f o r t n i g h t l y .
Some s e e d l i n g s  w h i c h  we re  p r e t r e a t e o  w i t h  h i g h  Zn 
l e v e l s  w e r e  k i l l e d  by a d a m p i n g - o f f  f u n g u s  ( P y t h i u m  s p ) ,
t h o u g h t  t o  be p r o m o t e d  by  h i g h  Zn l e v e l s  ( H e a t h e r ,  
p e r s .  c o m m . ) .  The e f f e c t  was more p r o n o u n c e d  w i t h  s had ed
s e e d l i n g s  a l t h o u g h  i t  c e c r e a s e d  a f t e r  t r a n s f e r  t o  Zn G e f i c -  
i e n t  s o l u t i o n s .  G r o w t h  o f  t h e  s u r v i v i n g  s e e d l i n g s  was 
somewhat  c h e c k e d  d u r i n g  t h e  I n f e c t i o n  p e r i o d .  As a r e s u l t ,  
many d a t a  f o r  s e e d l i n g s  p r e t r e a t e d  w i t h  l . G pp m Zn and 
s u b s e q u e n t l y  g r o wn  i n  40% o f  f u l l  l i g h t  we re  m i s s i n g .  
G e n e r a l l y  r e s u l t s  f r o m  t h i s  t r e a t m e n t  we re  n o t  i n c l u a e o  i r .  
t h e  a n a l y s e s .
M e a s u r e m e n t s
S e e d l i n g s  we re  h a r v e s t e d  0,  4,  o and 12 weeks  a f t e r  
t h e  h i g h  Zn o r  Cu p r e t r e a t m e n t s  w e r e  s t o p p e d .  S e e d l i n g s  were  
s e p a r a t e e  i n t o  s n o o t s  and r o o t s ,  w e i g h e d  f r e s h ,  d r i e d  a t  6 5 ° C 
and r e w e i g h e d .  L e v e l s  o f  Cu,  Zn ,  f In and r e  i n  t h e  d r y  p l a n t  
m a t e r i a l  we re  d e t e r m i n e d  by a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o -  
m e t r y  as d e s c r i b e d  i n  p r e v i o u s  e x p e r i m e n t s .
P o t s  w e r e  w e i g h e d  w e e k l y  t o  d e t e r m i n e  w a t e r  l o s s  d > 
t r a n s p i r a t i o n  and hence  t h e  amoun t  o f  w a t e r  p a s s i n g  t h r o u g h  
eac h  s e e d l i n g  o v e r  eac h  m ea s u r e m e n t  p e r i o d .  T e s t s  showed 
t h e r e  was n e g l i g i b l e  w a t e r  l o s s  f r o m  p o t s  w i t h  no s e e d l i n g s .
T e m p e r a t u r e  ano r e l a t i v e  h u m i d i t y  were  m o n i t o r e d  
c o n t i n u o u s l y  w i t h  a t h e r m o h y d r o g r a p h .  A r e a s  u n o e r  t n e  
t h e r m o h y d r o g r a p h  c u r v e s  w e r e  e s t i m a t e d  t o  f i n d  v a l u e s  f o r  
c e g r e e - d a y s  and r e l a t i v e - h u m i d i t y  d a y s  c u r i n g  e a c h  p e r i o d
b e t w e e n  h a r v e s t s .
RESULTS
E f f e c t s  on  g r o w t h
f i g u r e s  1 and  2 show t h e  r e l a t i o n s h i p  b e t w e e n  s e e d ­
l i n g  s h o o t  and r o o t  f r e s h  w e i g h t  and t i m e  d u r i n g  t h e  m e a s u r e ­
ment  p e r i o d .  A l o g a r i t h m i c  c o n v e r s i o n  c o n v e r t e r  t h e  g r o w t h  
c u r v e s  t o  s t r a i g h t  l i n e s .  The s l o p e s  o f  t h e  r e g r e s s i o n  
l i n e s ,  t h e  p r o p o r t i o n  o f  t h e  v a r i a n c e  i n  l o g e t r e s n  w e i g h t  
e x p l a i n e d  by e ac h  r e g r e s s i o n  and t h e  c o v a r i a n c e  a o j u s t e d  mean 
f r e s h  w e i g h t s  f o r  e ac h  r e g r e s s i o n  l i n e  a r e  a l s o  shown.  The 
r e s u l t s  w e r e  i d e n t i c a l  f o r  f r e s h  w e i g h t  anc  oven  c r y  w e i g h t s  
o v e r  a l l  t h e  d a t a ,  f r e s h  w e i g h t  c o r r e l a t e d  Ü . 99 w i t h  o v en  d r y  
w e i g h t  i n  s h o o t s  and  0 .9Ö i n  r o o t s .  D i s c u s s i o n  i s  t h e r e f o r e  
r e s t r i c t e d  t o  f r e s h  w e i g h t  ( a r b i t r a r i l y ) .
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R i g s  1 and 2 G r o w t h  o f  s e e d l i n g s  w h i c h  r e c e i v e d  d i f f e r e n t  
t r e a t m e n t s ,  as  a f u n c t i o n  o f  t i m e .  3 = r e g r e s s i o n  
c o e f f i c i e n t ,  R * * 2  -  t h e  p r o p o r t i o n  o f  t h e  v a r i a n c e  
e x p l a i n e d  by r e g r e s s i o n ,  mean Y i s  shown c o v a r ­
i a n c e  a c j u s t e d .
C o v a r i a n c e  a n a l y s i s  o f  t h e  r e s u l t s  i n  F i g s  1 a n d  2 
showed  t h e r e  w e r e  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  s l o p e s  o f  
t h e s e  r e g r e s s i o n  l i n e s  I n  s h o o t s  ( p c . 0 0 1 )  and  r o o t s  ( p < . 0 5 ) .  
The  s i m u l t a n e o u s  t e s t  p r o c e d u r e  ( S o k a l  arid R o h l f  1969)  w i t h  
P - . 05 s howed  t h a t  I n  s h o o t s  t h e  s l o p e s  o f  t h e  r e g r e s s i o n  
l i n e s  p r e t r e a t e d  w i t h  h i g h  Zn o r  Cu and  g r own  In f u l l  l i g h t  
w e r e  s i g n i f i c a n t l y  g r e a t e r  t h a n  f o r  o t h e r  p r e t r e a t m e n t s .  
S l o p e s  o f  t h e s e  two l i n e s  d i d  n o t  d i f f e r  s i g n i f i c a n t l y ,  nor  
d i d  s l o p e s  o f  t h e  r e m a i n d e r .  I n  r o o t s ,  a s i m i l a r  e f f e c t
a p p l i e d ,  e x c e p t  t h a t  t h e  s l o p e  o f  t h e  l i n e  f r om s e e d l i n g s
p r e t r e a t e d  w i t h  h i g h  Cu a n d  gr own i n  f u l l  l i g h t  was 
i n t e r m e d i a t e  a n d  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  rom t h e  o t h e r  
t wo s e t s  o f  I I n e s .
T h e s e  r e s u l t s  s u g g e s t  t h a t  s e e d l i n g s  p r e t r e a t e d  
w i t h  h i g h  Zn o r  Cu l e v e l s  a n d  gr own i n  f u l l  l i g h t  s howed 
f a s t e r  s h o o t  a nd  r o o t  g r o w t h  r a t e s  t h a n  t h o s e  r e c e i v i n g  o t h e r  
t r e a t m e n t s .  .As w i l l  be d i s c u s s e d  l a t e r  ( F i g s  3 - 6 ) ,  t h e  Zn 
a nd  Cu n u t r i e n t  s t a t u s  o f  t h e s e  s e e d l i n g s  was  much b e L t e r  
t h a n  t h a t  o f  s e e d l i n g s  p r e t r e a t e d  w i t h  low Zn o r  Cu,  a t  l e a s t  
f o r  p a r t  o f  t h e  g r o w t h  p e r i o d *  t h i s  e x p l a i n s  t h e i r  h i g h e r  
g r o w t h  r a t e s .  The s e e d l i n g s  p r e t r e a t e d  w i t h  h i g h  Cu,  b u t  
g r own i n  40% l i g h t ,  s howed a l o we r  g r o w t h  r a t e  t h a n  t h o s e  
p r e t r e a t e d  w i t h  h i g h  Cu a n d  g r own i n  f u l l  l i g h t .  T h i s  
s u g g e s t s  t h a t  l i g h t  had  become II mi t i n g  t o  g r o w t h  w i t h  o n l y  
40% o f  f u l l  l i g h t  I r r e s p e c t i v e  o f  s e e d l i n g  n u t r i t i o n a l
s t a t u s .  A t e s t  o f  t h e  s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e s
b e t w e e n  c o v a r i a n c e  a d j u s t e d  mean s h o o t  w e i g h t s  o f  s e e d l i n g s  
p r e t r e a t e d  wi t h  h i g h  Zn o r  Cu a n d  g r own i n  f u l l  l i g h t ,  s howed
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t h a t  s e e d l i n g s  p r e t r e a t e d  w i t h  h i g h  Cu had a s i g n i f i c a n t l y  
( p < . 0 2 5 )  g r e a t e r  mean s h o o t  w e i g h t  t h a n  t h o s e  p r e t r e a t e d  w i t h  
h i g h  Zn .  T h i s  was p r o b a b l y  due t o  t h e  e f f e c t s  o f  f u n g a l  
a t t a c k  w h i c h  r e d u c e d  g r o w t h  o f  s e e d l i n g s  p r e t r e a t e d  w i t h  h i g h  
Zn l e v e l s  ( s e e  e a r l i e r ) .  S i m i l a r  e f f e c t s  d i d  n o t  a p p l y  i n  
r o o t s .
F o r  t h e  r e m a i n i n g  t r e a t m e n t s ,  f o r  w h i c h  s l o p e s  o f  
g r o w t h  c u r v e s  d i d  n o t  d i f f e r  s i g n i f i c a n t l y ,  a t e s t  o f  t h e  
s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e s  b e t w e e n  c o v a r i a n c e  a d j u s t e d  
mean f r e s h  w e i g h t s  showed t h e r e  was a s i g n i f i c a n t  ( p < . 0 2 5  a t  
l e a s t )  I n c r e a s e  I n  s h o o t  and r o o t  f r e s h  w e i g h t  w i t h  f u l l  
l i g h t  when c om pa r ed  t o  40% f u l l  l i g h t ,  b u t  no s i g n i f i c a n t  
e f f e c t s  o f  p r e t r e a t m e n t s .  These  r e s u l t s  a r e  s u m ma r i z ed  I n  
T a b l e  1.
The c o n c e p t u a l  I n t e r p r e t a t i o n  o f  t h e  e f f e c t s  o f  
l i g h t  I s  d i f f i c u l t  t o  g r a s p .  The l o g a r i t h m i c  c o n v e r s i o n  o f  
d a t a  a t t e m p t s  t o  c o n v e r t  g r o w t h  c u r v e s  t o  s t r a i g h t  l i n e s .  
B e c a u s e  s e e d l i n g s  g r o w n  I n  f u l l  and 40% l i g h t  had t h e  same 
I n i t i a l  w e i g h t s  a t  t h e  commencement  o f  t h e  g r o w t h  p e r i o d ,  one 
w o u l d  e x p e c t  a d i f f e r e n c e  I n  s l o p e s  o f  l o g a r i t h m i c  g r o w t h  
c u r v e s  i f  t h e r e  we r e  e f f e c t s  o f  l i g h t  on g r o w t h  r a t e s .  I f  
t h e r e  w e r e  d i f f e r e n c e s  I n  s l o p e s ,  t h e n  I t  w o u l d  be m e a n i n g ­
l e s s ,  o f  c o u r s e ,  t o  t e s t  a d j u s t e d  means o f  t h e  d e p e n d e n t  
v a r i a b l e  ( l o g e f r e s h  w e i g h t  I n  t h i s  c a s e ) .
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T a b l e  1 E f f e c t s  o f  l i g h t  I n t e n s i t y  ana s e e d l i n g  p r e -  
t r e a t m e n t  on f r e s h  w e i g h t  o f  s h o o t s  and r o o t s  o f  
s e e d l i n g s  o t h e r  t h a n  t h o s e  p r e t r e a t e d  w i t h  h i g h  Cu 
o r  Zn l e v e l s  and g r o wn  I n  t h e  l i g h t .  D a t a  shown 
as mean l o g e f r e s h  w e i g h t  ( g )  a d j u s t e d  by  c o v ­
a r i a n c e  w i t h  t i m e .  S l o p e s  o f  r e g r e s s i o n  l i n e s  d i e  
n o t  d i f f e r  s i g n i f i c a n t  1y ( F i g s  1 , 2 )
( a )  E f f e c t s  o f  p r e t r e a t m e n t
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*  D a t a  f o r  s e e d l i n g s  i n  40% l i g h t  o n l y  -  
e x p l a i n s  t h e  a p p a r e n t l y  l o w e r  g r o w t h  w i t h  
p r e t r e a t m e n t .
t h i s  
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( b )  E f f e c t s  o f  l i g h t  I n t e n s i t y
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I c a n c e
1 00 _ 40 ( P < )
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R o o t s 1 . 1 3 . 2 2 . 0 2 5
I t  seems l i k e l y  h e r e ,  t h a t  t h e  d a t a  w e r e  i n s u f f i c i e n t  anu t h e  
d i f f e r e n c e s  n o t  l a r g e  e no ugh  t o  r e c o g n i z e  d i f f e r e n c e s  b e t w e e n  
s l o p e s  o f  r e g r e s s i o n  l i n e s ,  b u t  i t  was p o s s i b l e  t o  d e t e c t  
d i f f e r e n c e s  i n  a d j u s t e d  means.  As w e l l ,  t h e  l o g a r i t h m i c  
c o n v e r s i o n  may n o t  h a v e  p r o d u c e d  as  good a s t r a i g h t  l i n e  f i t  
as  d e s i r e d .  . S t u d y  o f  t h e  r e g r e s s i o n  c o e f f i c i e n t s  i n  F i g s  1 
and 2 shows t h a t  s e e d l i n g s  g r own  I n  f u l l  l i g h t  c o n s i s t e n t l y  
had  h i g h e r  c o e f f i c i e n t s  t h a n  t h o s e  g r o wn  i n  40% l i g h t .  T h i s  
s u g g e s t s  t h e  t e s t  o f  a d j u s t e d  means r e f l e c t s  r e a l  d i f f e r e n c e s  
I n  g r o w t h  r a t e s  o f  s e e d l i n g s  I n  f u l l  and 40% l i g h t .
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E f f e c t s  o f  t r e a t m e n t s  on  m e ta l  t r a n s f e r  t o  
s h o o t s  and u p t a k e  by  r o o t s
As shown I n  t h e  p r e v i o u s  s e c t i o n ,  d i f f e r e n t  t r e a t ­
m e n t s  had d i f f e r e n t  e f f e c t s  on s e e d l i n g  g r o w t h  r a t e s .  Such 
d l f f e r e n c e s  I n  g r o w t h  r a t e  m i g h t  be e x p e c t e d  t o  a f f e c t  r a t e s  
o f  m e t a l  movement  t o  s h o o t s  and u p t a k e  by  r o o t s  I n d e p e n d e n t  
o f  a ny  e f f e c t  o f  t h e  . t r e a t m e n t s  t h e m s e l v e s .  As w e l l  i t  
seemed mos t  l i k e l y  t h a t  t h e  r a t e  o f  I n c r e a s e  o f  p l a n t  w e i g h t  
o v e r  any  t i m e  p e r i o d  w o u l d  be mos t  l i k e l y  t o  a f f e c t  r a t e s  o f  
n u t r i e n t  c h a n g e ,  b e c a u s e  n u t r i e n t s  w o u l d  move t o  s h o o t s  o r  be 
t a k e n  up by r o o t s  i n  r e s p o n s e  t o  t h e  new g r o w t h  i n  t h a t  
p e r i o d .  So,  t o  e x a m i n e  e f f e c t s  o f  t r e a t m e n t s  on r a t e s  o f  
m e t a l  movemen t s  t o  s h o o t s  o r  u p t a k e  by r o o t s ,  t h e  r a t e  o f  
m e t a l  c h a n g e  d u r i n g  e ac h  o f  t h e  t h r e e  m e a s u r e m e n t  p e r i o d s  was 
e x p r e s s e d  p e r  u n i t  r a t e  o f  c ha n ge  o f  f r e s h  w e i g h t  i n  t h e  same 
p e r i o d .
The e f f e c t s  o f  s e e d l i n g  p r e t r e a t m e n t  and  l i g h t  
i n t e n s i t y  on r a t e  o f  m e t a l  c h a n g e  p e r  u n i t  r a t e  o f  c h a n g e  i n  
f r e s h  w e i g h t  a r e  s u m m a r i s e d  I n  T a b l e  2 .  f o r  r o o t s ,  t he  d a t a  
r e p r e s e n t  t h e  t o t a l  am ou n t  o f  each  m e t a l  p a s s i n g  I n t o  t h e  
r o o t  d u r i n g  t h e  m e a s u r e m e n t  p e r i o d ,  I . e .  t h e  t o t a l  amoun t  
t a k e n  up by t h e  s e e d l i n g .  Fo r  s h o o t s ,  t h e  d a t a  r e p r e s e n t  
o n l y  t h e  amoun t  o f  e a c h  m e t a l  p a s s i n g  I n t o  t h e  s h o o t .  
B e c a u s e  t h e  d a t a  we re  I n c o m p l e t e  t h e  I n t e r a c t i o n s  b e t w e e n  t h e  
f a c t o r s  w e r e  n o t  e x a m i n e d .  As I n d i c a t e d  i n  T a b l e  2 ,  t h e  
v a r i a n c e s  I n  many s a m p l e s  we r e  h e t e r o s c e d a s t I c .  A t t e m p t s  t o  
make v a r i a n c e s  homogenous  w i t h  t r a n s f o r m a t  I o n s  we re
1 1 6
T a b l e  2 M a i n  e f f e c t s  I n  v a r i a n c e  a n a l y s i s  o f  p r e t r e a t m e n t s  
and l i g h t  I n t e n s i t y  on r a t e s  o f  m e ta l  c han ge  ( p g  m e t a l  p e r  
s e e d l i n g  p e r  d a y )  p e r  u n i t  r a t e  o f  c ha n ge  o f  f r e s h  w e i g h t  
( g  p e r  s e e d l i n g  p e r  d a y ) .  Fo r  b o t h  s e t s  o f  a n a l y s e s ,  t h e  
d a t a  w e r e  b a l a n c e d  o v e r  e a c h  t r e a t m e n t ,  i . e .  d a t a  f o r  Zn p r e ­
t r e a t m e n t s  I n c l u d e d  d a t a  o n l y  f o r  s e e d l i n g s  g r o wn  I n  f u l l  
l i g h t ,  b e c a u s e  d a t a  we re  m i s s i n g  wh er e  s e e d l i n g s  we re  g r o w n  
w i t h  h i g h  Zn l e v e l s  I n  40% o f  f u l l  l i g h t .
( a ) E f f e c t s  o f  p r e t r e a t r n e n t s
P r e t r e a t m e n t
Zn Zn Cu
Oppm 1 ppm Oppm
Cu
1 ppm
S i g n i f -  
I c a n c e  
( P<)
Cu 1 . 22a 1 . 2 2 a . 2 4 b . bbab . 0 1 * , * *
Zn 2 . 4 a 3 . 4 a 1 2 . 0 b 1 1 . 0 b . 0 2 5 * *
S h o o t s
Mn 6 6 .  0 73.1 8 8 . 6 82 .  1 NS
Fe 2 7 . 5 4 4 . 9 4 2 . 8 3 2 . 9 NS
Cu 4 . 9 9 a 2 . 6 3 a . 8 4 b . 8 1 b . 1 0 * , * *
Zn 8 . 3 1 0 . 2 9 2 . 4 5 3 . 8 NS*
R o o t s
Mn 2 0 3 . 126 . 3 6 9 . 4 0 3 . NS
Fe 251 . 2 1 6 . 8 8 0 . 299 . NS
( b ) E f f e c t s  o f  l i g h t  i n t e n s i t y
LI  g h t (%) SI gn I f -  
I c a n c e
1 00 40 ( P<)
Cu .41 . 7 7 NS*
Zn 6 . 9 . 1 1 . 2 NS*
S h o o t s
Mn 66 • 1 . 9 6 . 7 NS*
Fe 2 4 . 9 4 5 . 4 NS*
Cu 1 . 4 2 . 2 . 6 4 NS*
Zn 3 3 . 6 7 7 . 0 NS*
R o o t s
Mn 2 4 9 . 4 7 2 . NS*
Fe 3 0 1 . 7 24 . NS*
*  V a r i a n c e s  w e r e  n o t  homogeneous  I n  d i f f e r e n t  s a m p l e s .
* *  Means w i t h  s i m i l a r  l e t t e r s  a l o n g s i d e  a i d  n o t  d i f f e r  s i g ­
n i f i c a n t l y  ( t  t e s t  w i t h  P - . 0 5 )
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u n s u c c e s s f u l .  The t e s t s  f o r  h o m o g e n e i t y  o f  v a r i a n c e  and 
s u b s e q u e n t  t e s t  f o r  e q u a l i t y  o f  means g i v e n  by  S o k a l  and 
R o h l f  ( 1 9 6 9 )  w e r e  us ed  wh e re  a p p r o p r i a t e :  o t h e r w i s e , n o r m a 1 
v a r i a n c e  a n a l y s i s  was u s e d .
S e e d l i n g s  p r e t r e a t e d  w i t h  l ow o r  h i g h  Zn ,  w h i c h  
s u b s e q u e n t l y  r e c e i v e d  d e f i c i e n t  Zn l e v e l s  d u r i n g  t h e  m e a s u r e ­
men t  p e r i o d ,  showed much l o w e r  r a t e s  o f  Zn u p t a k e  by  r o o t s  
and  movement  t o  s h o o t s  t h a n  t h o s e  r e c e i v i n g  a d e q u a t e  Zn 
t h r o u g h o u t  t h e  e x p e r i m e n t  ( I . e .  s e e d l i n g s  p r e t r e a t e d  w i t h  low 
o r  h i g h  Cu l e v e l s )  ( T a b l e  2 a ) .  A l t h o u g h  t h e  e f f e c t  I n  r o o t s  
was n o n - s I g n l f I  c a n t , t h e  means we re  so d i f f e r e n t  I t  seems 
l i k e l y  t h e  n o n - s I g n l f I c a n c e  r e p r e s e n t s  Type I I  e r r o r .  
S i m i l a r  e f i e c t s  we re  o b s e r v e d  w i t h  Cu f o r  s e e d l i n g s  p r e ­
t r e a t e d  w i t h  l ow o r  h i g h  Cu.  These  r e s u l t s  m i g h t  r e a s o n a b l y  
be e x p e c t e d .
A l t h o u g h  t h e  e f f e c t s  we re  n o t  s i g n i f i c a n t ,  i t  
a p p e a r s  t h a t  s e e d l i n g s  p r e t r e a t e d  w i t h  h i g h  Zn o r  h i g h  Cu 
showed f a s t e r  r a t e s  o f  movement  o f  Zn o r  Cu r e s p e c t i v e l y  t o  
s h o o t s  t h a n  s e e d l i n g s  p r e t r e a t e d  w i t h  c o r r e s p o n d i n g  low m e t a l  
l e v e l s  ( T a b l e  2 a ) .  T h i s  s u g g e s t s  t h e r e  may hav e  been  r e l e a s e  
o f  e x c e s s  m e ta l  s t o r e d  I n  r o o t s  t o  s h o o t s  when s e e d l i n g s  we re  
p l a c e d  i n  d e f i c i e n t  s o l u t i o n s .  To e x a m i n e  t h i s  more c l o s e l y ,  
F i g s  3 - 6  show t h e  a c t u a l  a mo un t s  o f  Zn o r  Cu f o u n d  i n  s e e d ­
l i n g s  w i t h  d i f f e r e n t  p r e t r e a t m e n t s .  The m e t a l  c o n t e n t s  a r e  
p l o t t e d  a g a i n s t  s e e d l i n g  f r e s h  w e i g h t  so  t h e  m e t a l  
u p t a k e  -  r a t e  o f  g r o w t h  r e l a t i o n s h i p  c a n  be j u d g e d .  The 
m e t a l  c o n c e n t r a t i o n s  r e l a t i v e  t o  o v e n  d r y  w e i g h t  i n  s h o o t s  o r
F i g s  3 - 6  A c t u a l  a m o u n t s  o f  Cu ( F i g s  3 , k )  o r  Zn 
( F i g s  5 , 6 )  f o u n d  I n  s e e d l i n g s  w i t h  d i f f e r e n t  
t r e a t m e n t s  and m ea su r ed  a t  d i f f e r e n t  h a r v e s t s ,  b u t  
d r a w n  r e l a t i v e  t o  s e e d l i n g  f r e s h  w e i g h t  a t  e a c h  
h a r v e s t .  C o n c e n t r a t i o n s  (ppm r e l a t i v e  t o  o v e n  d r y  
w e i g h t )  o f  Cu o r  Zn r e s p e c t i v e l y  i n  t h e  s e e d l i n g s  
a t  t h e  t i m e  o f  h a r v e s t  a r e  shown a l o n g s i d e  e a c h  
o b s e r v a t i o n .
3. 0
F R E S H  WT OF S H O O T S  
F 1 C  3  G P E R  S E E D L I N G  )
O  L3
F R E S H  NT OF R O O T S  
F 1 C  4  ^G S E E D L I N G . )
30. 0
25. 0
^  5. 0
F R E S H  NT OF S H O O T S  
L G P E R  S E E D L I N G )
F R E S H  WT OF R O O T S  
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r o o t s  a r e  shown a l o n g s i d e  ea ch  o b s e r v a t i o n .  T h e r e  was ,  o f  
c o u r s e ,  a d i r e c t  c o r r e s p o n d e n c e  b e t w e e n  g r o w t h  and t i m e  f o r  
e ac h  t r e a t m e n t  shown I n  t h e s e  F i g u r e s .  The c o n c e n t r a t i o n s  o f  
m e t a l s  a t  t h e  t i m e  o f  t h e  f i r s t  h a r v e s t  show t h a t  p r e t r e a t ­
ment  w i t h  h i g h  Zn o r  Cu gave  v e r y  h i g h  m e t a l  c o n c e n t r a t i o n s ,  
e s p e c i a l l y  I n  r o o t s ,  c o n s i s t e n t  w i t h  f i n d i n g s  I n  p r e v i o u s  e x -  
p e r I m e n t s .
F o r  Cu ( F i g s  3 , 4 ) ,  t h e  t r e n d s  seem q u i t e  c l e a r .  
S e e d l i n g s  p r e t r e a t e d  w i t h  l ow Cu l e v e l s  showed o n l y  s l i g h t  
i n c r e a s e s  i n  a m o un t s  o f  Cu p e r  s e e d l i n g  I n  s h o o t s  and r o o t s  
o v e r  t h e  w h o l e  g r o w t h  p e r i o d  as  s e e d l i n g  s i z e  i n c r e a s e d  w i t h  
t i m e .  Cu c o n c e n t r a t i o n  i n  b o t h  s h o o t s  and r o o t s  r e m a i n e d  
w e l l  b e l o w  s u f f i c i e n c y  (6ppm i n  s h o o t s  and 20ppm In.  r o o t s  as 
f o u n d  i n  e a r l i e r  w o r k )  t h r o u g h o u t  t h e  g r o w t h  p e r i o d .  The 
f a c t  t h a t  t h e r e  was some u p t a k e  o f  Cu as  s e e d l i n g s  g r ew shows 
t h e r e  was some r e s i d u a l  Cu l e f t  I n  t h e  n u t r i e n t  s o l u t i o n s  
w h i c h  had n o t  been  remo ved  by p u r i f i c a t i o n  o f  n u t r i e n t  s a l t s .
I n  r o o t s  o f  s e e d l i n g s  p r e t r e a t e d  w i t h  h i g h  Cu 
l e v e l s ,  t h e r e  was I n i t i a l l y  a v e r y  marked  f a l l  i n  t h e  amount  
o f  Cu p e r  s e e d l i n g  ( F i g  4)  as  s e e d l i n g s  g r ew  w i t h  t i m e .  By 
t h e  t i m e  o f  t h e  f i r s t  h a r v e s t  s e e d l i n g s  had a b o u t  12ppm Cu i n  
r o o t s  w h i c h  i s  w e l l  b e l o w  s u f f i c i e n c y .  T h e r e a f t e r ,  t h e r e  was 
a s l i g h t  f u r t h e r  d e c l i n e  and e v e n t u a l l y  a s l i g h t  i n c r e a s e  i n  
u n s h a d e d  t r e e s  i n  t o t a l  amoun t  o f  Cu I n  r o o t s .  Co nc en ­
t r a t i o n s  o f  Cu i n  r o o t s  c o n t i n u e d  t o  d e c l i n e  t i l l  t h e y  we re  
a l m o s t  as  low as  t h o s e  I n  t r e e s  w i t h  low Cu p r e t r e a t m e n t  a t
t h e  f i n a l  h a r v e s t .
I n  s h o o t s ,  t h e r e  was i n i t i a l l y  a v e r y  s h a r p  r i s e  i n  
Cu c o n t e n t  o f  s e e d l i n g s  p r e t r e a t e d  w i t h  h i g h  Cu,  b u t  as  t h e  
s e e d l i n g s  grew f u r t h e r ,  t h e r e  was v i r t u a l l y  no f u r t h e r  
I n c r e a s e  ( F i g  3 ) .  C o n c e n t r a t i o n  i n  s h o o t s  d e c l i n e d  t o  b e l o w  
s u f f i c i e n c y  l e v e l s  soon  a f t e r  t h e  s ec on d  h a r v e s t  i n  s e e d l i n g s  
g r o w n  I n  f u l l  l i g h t ,  b u t  had n o t  q u i t e  r e a c h e d  d e f i c i e n c y  by 
t h e  f i n a l  h a r v e s t  i n  t h e  s l o w e r  g r o w n  s e e d l i n g s  i n  k O X  l i g h t .
These r e s u l t s  a r e  c o n s i s t e n t  w i t h  a r a p i d  r e l e a s e  
o f  t h e  Cu s t o r e d  I n  r o o t s  d u r i n g  h i g h  Cu p r e t r e a t m e n t  a f t e r  
t h e  s e e d l i n g s  w e r e  p l a c e d  i n  d e f i c i e n t  s o l u t i o n s .  The r a p i a  
f a l l  I n  c o n c e n t r a t i o n  I n  r o o t s  t o  b e l o w  s u f f i c i e n c y  l e v e l s  by 
t h e  f i r s t  h a r v e s t  s u g g e s t e d  t h a t  a l l  t h e  s t o r e d  Cu had been  
r e l e a s e d  by  t h a t  t i m e .  T h i s  e x p l a i n s  t h e  s udd en  s h a r p  r i s e  
i n  Cu c o n t e n t  o f  s h o o t s  b u t  w i t h  l i t t l e  s u b s e q u e n t  c h a n g e  i n  
Cu c o n t e n t  a t  l a t e r  h a r v e s t s .
F o r  Z n ,  t h e  e f f e c t s  we re  n o t  q u i t e  as  m a r ke d .  
S e e d l i n g s  p r e t r e a t e d  w i t h  l ow Zn showed showed s m a l l  
I n c r e a s e s  i n  Zn c o n t e n t s  o f  s h o o t s  and r o o t s  ( F i g s  5 , 6 )  and 
f a i r l y  s t a t i c ,  d e f i c i e n t  Zn c o n c e n t r a t i o n s  ( d e f i c i e n c y  w i t h  
l e s s  t h a n  30ppm Zn I n  s h o o t s  and 70ppm i n  r o o t s ) .
I n  r o o t s  o f  s e e d l i n g s  p r e t r e a t e d  w i t h  h i g h  Zn 
l e v e l s  t h e r e  was a r a p i d  d e c l i n e  I n  Zn c o n c e n t r a t i o n  i n  r o o t s  
as s e e d l i n g s  g r e w .  H o w e v e r ,  o n l y  t h e  f a s t e r  g r o w i n g  s e d l i n g s  
i n  f u l l  l i g h t  r e a c h e d  d e f i c i e n c y  l e v e l s  ( 5 5 . 6 p p m  Zn )  and  t h e n  
o n l y  a t  t h e  l a s t  h a r v e s t  ( F i g  6 ) ,  I n  s h o o t s  o f  s e e d l i n g s  
p r e t r e a t e d  w i t h  h i g h  Zn l e v e l s  t h e r e  was a l s o  a d e c l i n e  i n  Zn 
c o n c e n t r a t i o n  w i t h  t i m e ,  b u t  e ven  by t h e  f i n a l  h a r v e s t  t h e
1 2 1
f a s t e s t  g r o w i n g  s e e d l i n g s  I n  t h e  l i g h t  s t i l l  had a Zn c o n c e n ­
t r a t i o n  J u s t  s u f f i c i e n t  f o r  u n i m p a i r e d  g r o w t h  . ( 36ppm)  
( F i g  5 ) *  Had t h e r e  been no Zn r e l e a s e d  f r o m  r o o t s  o r  t a k e n  
up f r o m  s o l u t i o n  d u r i n g  t h e  m ea s u r e m e n t  p e r i o d ,  Zn c o n c e n ­
t r a t i o n  i n  s h o o t s  o f  t h e  f a s t e s t  g r o wn  s e e d l i n g s  w o u l d  have  
d e c l i n e d  t o  I 8 pp m,  w e l l  b e l o w  s u f f i c i e n c y ,  I f  t h e y  had g r o w n  
t o  t h e  same f i n a l  s i z e  t h a t  t h e y  d i d  f i n a l l y  a c h i e v e .  T h i s  
s u g g e s t s  c o n d i t i o n s  w e re  suc h  t h a t  r e l e a s e  o f  e x c e s s  Zn f r o m  
r o o t s  f o r  t r a n s f e r  t o  s h o o t s  m i g h t  have  been  e x p e c t e d .  The 
r a t h e r  more g r a d u a l  d e c l i n e  I n  c o n c e n t r a t i o n  t o  d e f i c i e n c y  i n  
t h e s e  s e e d l i n g s  when c o m p a r ed  t o  t h e  d e c l i n e  i n  Cu c o n c e n ­
t r a t i o n  i n  s e e d l i n g s  p r e t r e a t e d  w i t h  h i g h  Cu l e v e l s ,  s u g g e s t s  
t h e s e  s e e d l i n g s  d i d  n o t  s u f f e r  as  g r e a t  a s t r e s s  as  t h e  Cu 
d e f i c i e n t  s e e d l i n g s .  H e n c e ,  i f  t h e r e  was r e l e a s e  o f  s t o r e d  
Zn t o  s h o o t s ,  i t  w o u l d  have  o c c u r r e d  a t  a much more l e i s u r e l y  
pace  t h a n  was t h e  c as e  w i t h  Cu and w o u l d  have  become c o n f u s e d  
w i t h  Zn t a k e n  up f r o m  t h e  n u t r i e n t  s o l u t i o n .  T h i s  s u g g e s t s  
t h e r e  was r e l a t i v e l y  more Zn a v a i l a b l e  I n  t h e  Zn d e f i c i e n t  
s o l u t i o n s  t h a n  Cu i n  t h e  Cu d e f i c i e n t  s o l u t i o n s .  The r e s u l t s  
g i v e n  i n  T a b l e  2a d o ,  h o w e v e r ,  s u g g e s t  t h a t  s e e d l i n g s  p r e ­
t r e a t e d  w i t h  h i g h  Zn showed h i g h e r . r a t e s  o f  Zn movement  t o  
s h o o t s  t h a n  t h o s e  p r e t r e a t e d  w i t h  l ow Zn.
G e n e r a l l y  t h e n ,  i t  a p p e a r s  t h e r e  was r e l e a s e  t o  t h e  
s h o o t s  o f  e x c e s s  Cu o r  Zn s t o r e d  i n  r o o t s  d u r i n g  p r e t r e a t m e n t  
w i t h  h i g h  m e t a l s  when s e e d l i n g s  w e r e  p l a c e d  I n  d e f i c i e n t  
s o l u t i o n s .
T h e r e  w e r e  no s i g n i f i c a n t  e f f e c t s  o f  p r e t r e a t m e n t
me th od  on r a t e  o f  Mn o r  Fe movement  t o  s h o o t s  o r  u p t a k e  by  
r o o t s  ( T a b l e  2 a ) .  Nor  w e r e  t h e r e  s i g n i f i c a n t  e f f e c t s  o f  
s h a d i n g  on r a t e s  o f  movement  o f  a n y  m e t a l  t o  s h o o t s  o r  u p t a k e  
by r o o t s  ( T a b l e  2b )  as  a s s e s s e d  by t h e  t  t e s t  f o r  s a m p l e s  
w h i c h  d i s p l a y  h e t e r o s c e d a s t I c I t y  ( S o k a l  and  R o h l f  1 9 6 9 ) .  
H o w e v e r ,  I n  a l l  c a s e s  t h e  mean r a t e  o f  m e t a l  u p t a k e  by  r o o t s  
o r  movement  t o  s h o o t s  I n  s e e d l i n g s  g r own  I n  40% f u l l  l i g h t  
e x c e e d e d  t h a t  I n  s e e d l i n g s  g r o w n  . I n  f u l l  l i g h t .  Sample  
v a r i a n c e s  f r o m  t h e  f o r m e r  e x c e e d e d  t h o s e  f r o m  t h e  l a t t e r .  
A s s u m i n g  t h e  p o p u l a t i o n s  f r o m  w h i c h  t h e  s a m p l e s  we re  d r a wn  
had a n o r m a l  d l s t r I  b u t I  o n ,  and t h a t  t h e  p o p u l a t i o n  means w e r e  
t h e  same,  t h e n  a t  mos t  one  m i g h t  e x p e c t  50% o f  s a m p l e s  f r o m  
one  t r e a t m e n t  t o  h a v e ,  by c h a n c e ,  means g r e a t e r  t h a n  t h o s e  
f r o m  t h e  o t h e r  t r e a t m e n t .  B e c a us e  a l l  t h e  s a m p l e  means f r o m  
s e d l l n g s  g rown  I n  40% f u l l  l i g h t  e x c e e d e d  t h o s e  f r o m  s e e d ­
l i n g s  g r o w n  I n  f u l l  l i g h t ,  I t  seems l i k e l y  t h a t  t h e  
p o p u l a t i o n  means f o r  t h e  f o r m e r  d i d  I n  f a c t  e x c e e d  t h o s e  f o r  
t h e  l a t t e r .  The n o n - s i g n i f i c a n t  t  t e s t s  a r e  p r o b a b l y  due t o  
t h e  c o n s e r v a t i s m  b u i l t  I n t o  t h e s e  t e s t s  t o  a l l o w  f o r  t h e  
a s s u m p t i o n s  made. I n  d e r i v i n g  t h e  t e c h n i q u e s .  A h i g h e r  r a t e  
o f  n u t r i e n t  u p t a k e  o r  t r a n s p o r t  p e r  u n i t  r a t e  o f  c h a n g e  o f  
f r e s h  w e i g h t  f o r  s e e d l i n g s  I n  40% f u l l  l i g h t  p r o b a b l y  
r e p r e s e n t s  an e f f e c t  o f  t h e i r  o v e r a l l  s l o w e r  g r o w t h  r a t e ,  b u t  
m a i n t e n a n c e  o f  t h e  same r a t e  o f  m e t a l  u p t a k e .
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I n t e r c o r r e 1 a t  I o n s  a mo n g s t  r a t e s  o f  m e t a l  movement  
t o  s h o o t s  and  u p t a k e  by r o o t s .
S u b s t a n t i a l  d i f f e r e n c e s  b e t w e e n  r a t e s  o f  u p t a k e  o f  
r n e t a l s  by r o o t s  and  t r a n s p o r t  t o  s h o o t s  p e r  u n i t  r a t e  o f  
c h a n g e  o f  f r e s h  w e i g h t  w e re  o b s e r v e d  I n  s e e d l i n g s  r e c e i v i n g  
d i f f e r e n t  n u t r i e n t  t r e a t m e n t s .  The c o e f f i c i e n t s  o f  v a r i a t i o n  
( s t a n d a r d  d e v i a t i o n  o f  a mean d i v i d e d  by  t h e  mean -  a m eas u r e  
o f  r e l a t i v e  v a r i a b i l i t y  I n  a s e t  o f  d a t a )  o f  t h e  d a t a  o v e r  
a l l  t r e a t m e n t s  v a r i e d  f r o m  a t  l e a s t  45% t o  a t  mos t  244% f o r  
d i f f e r e n t  m e t a l s  ( T a b l e  3 ) .  L a r g e  v a r i a t i o n s  l i k e  t h e s e  we re  
e x p e c t e d  when t h e  e x p e r i m e n t  was e s t a b l i s h e d  b e c a u s e  o f  
d i f f e r e n c e s  i n  a v a i l a b i l i t y  o f  n u t r i e n t s  t o  s e e d l i n g s ,  
e s p e c i a l l y  s e e d l i n g s  p r e t r e a t e d  w i t h  h i g h  Zn o r  Cu l e v e l s .  
T h i s  may have  been  t h e  c a u s e  o f  t h e  v a r i a t i o n  I n  t h e  d a t a  f o r  
Zn ,  w h i c h  was r e l e a s e d  f r o m  s t o r a g e  u n d e r  d e f i c i e n c y  
c o n d i t i o n s  more s l o w l y  t h a n  e x c e s s  Cu w h i c h  was a l l  r e l e a s e d  
t o  s h o o t s  w i t h i n  t h e  f i r s t  f o u r  week m e a s u r e m e n t  p e r i o d  
( d i s c u s s e d  e a r l i e r ) .  H o w e v e r ,  f o r  Cu, Mn and Fe ,  t h e  l a r g e  
v a r i a t i o n s  o b s e r v e d  i n  r a t e s  o f  m e t a l  u p t a k e  and movement  
w e r e  mos t  p r o b a b l y  due t o  t h e  s u b s t a n t i a l  d i f f e r e n c e s  i n  
p h y s i o l o g i c a l  age c a u s e d  by t h e  d i f f e r e n t  e f f e c t s  o f  t r e a t ­
m e n t s  on g r o w t h  r a t e s  ( s e e  e a r l i e r ) .
B e c a u s e  t h e  v a r i a t i o n s  w e r e  l a r g e ,  t h e y  p r o v i d e d  a 
r e a s o n a b l e  s p r e a d  o f  d a t a  t o  t r y  t o  d e t e r m i n e  I f  t h e  
movement s  o f  t h e s e  m e t a l s  w e r e  r e l a t e d  t o  eac h  o t h e r .  
H o w e v e r ,  b e c a u s e  s e e d l i n g s  a t  d i f f e r e n t  s t a g e s  o f  g r o w t h  may 
h av e  d i f f e r e n t  n u t r i e n t  r e q u i r e m e n t s ,  t h e  r e s u l t s  mus t  be
i n t e r p r e t e d  c a u t i o u s l y .
F i g s  7 and 8 show t h e  r e l a t i o n  b e t w e e n  t h e  r a t e s  a t  
w h i c h  t h e  v a r i o u s  m e t a l s  moved t o  s h o o t s  p e r  u n i t  r a t e  o f  
c h an g e  o f  f r e s h  w e i g h t .  F o r  t h e  f o u r  m e t a l s  a s s a y e d ,  t h e r e  
a r e  s i x  s u ch  f i g u r e s  w h i c h  c o u l d  be d r a w n ,  b u t  t h e  t wo  shown 
a r e  s u f f i c i e n t  t o  e x p l a i n  t h e  r a t i o n a l e  f o r  t h e  s u b s e q u e n t  
a n a l y s e s .
T a b l e  3 C o e f f i c i e n t s  o f  v a r i a t i o n  o f  r a t e s  o f  m e t a l  
u p t a k e  by r o o t s  o r  t r a n s p o r t  t o  s h o o t s  ( / j g  m e t a l  
p e r  s e e d l i n g  p e r  day  p e r  u n i t  r a t e  o f  c h a n g e  o f  
f r e s h  w e i g h t ) .  D a t a  w e r e  c o m b i n e d  f r o m  a l l  t r e a t ­
me n t s  i n  t h e  e x p e r i m e n t .
C o e f f i c i e n t s  o f  
v a r i a t i o n  (%)





The F i g u r e s  f i r s t l y  show t h a t  f o r  Cu t h e r e  we re  
n e g a t i v e  r a t e s  o f  movement  t o  s h o o t s  o v e r  some t i m e  p e r i o d s .  
T h i s  s u g g e s t s  t h a t  t h e  m e a s u r e s  o f  m e t a l  movement  t a k e n  w e r e  
o n l y  n e t  e f f e c t s  and t h a t  t h e r e  was movement  o f  m e t a l s  f r o m  
s h o o t s  t o  r o o t s  as  w e l l  as  f r o m  r o o t s  t o  s h o o t s .  The f a c t o r s  
w h i c h  c o n t r o l  t r a n s p o r t  f r o m  s h o o t s  t o  r o o t s  may be q u i t e  
d l f f e r e n t  t o  t h o s e  t h a t  c o n t r o l  t r a n s p o r t  f r o m  r o o t s  t o  
s h o o t s .  The s u b s e q u e n t  r e s u l t s  a r e  i n t e r p r e t e d  w i t h  t h i s  i n
mi nd .
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F i g s  7 - 1 2  R e l a t i o n s h i p s  b e t w e e n  r a t e s  o f  u p t a k e  by 
r o o t s  o r  t r a n s p o r t  t o  s h o o t s  f o r  d i  f f e r e n t  m e t a l s .  
M e t a l  r a t e s  e x p r e s s e d  as  yug m e t a l  p e r  s e e d l i n g  p e r  
day  pe r  u n i t  r a t e  o f  c h a n ge  o f  f r e s h  w e i g h t .
D a t a  s e p a r a t e d  I n t o  t wo  p o p u l a t i o n s •  s e e d l i n g s  
r e c e i v i n g  low l e v e l s  o f  Zn ,  (Low Zn)  , ( i . e .  p r e ­
t r e a t e d  w i t h  low o r  h i g h  Zn)  o r  l ow Cu,  (Low C u ) ,  
( i . e .  p r e t r e a t e d  w i t h  low o r  h i g h  C u ) .  C o r r ­
e l a t i o n  c o e f f i c i e n t s  ( r )  f o r  t h e  I n d i v i d u a l  p o p ­
u l a t i o n s  o r  t h e  c o m b i n e d  d a t a  a r e  shown as 
a p p r o p r i a t e .  S t s  -  S h o o t s ,  R t s  = R o o t s .
5 r r «.70 o  Low Zn  
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S e c o n d l y ,  i t  seems c l e a r  ( F i g  7)  t h a t  t h e  s a m p l e s  
shown w e r e  d r awn  f r o m  two  p o p u l a t i o n s .  S e e d l i n g s  p r e t r e a t e d  
w i t h  l ow o r  h i g h  Zn ,  w h i c h  r e c e i v e d  d e f i c i e n t  Zn l e v e l s  
t h r o u g h o u t  t h e  m e a s u r e m e n t  p e r i o d ,  showed much l o w e r  r a t e s  o f  
Zn movement  t o  s h o o t s  t h a n  t h o s e  w h i c h  r e c e i v e d  low o r  h i g h  
Cu p r e t r e a t m e n t s  and a d e q u a t e  Zn t h r o u g h o u t  t h e  m ea s u r e m e n t  
p e r i o d  ( c . f .  T a b l e  2 a ) .  S i m i l a r  e f f e c t s  a p p l i e d  w i t h  Cu.  
F o r  Mn and Fe ( F i g  8 ) ,  w h i c h  we re  I n  a d e q u a t e  s u p p l y  
t h r o u g h o u t  t h e  e x p e r i m e n t ,  t h e r e  was no s u c h  s e p a r a t i o n .  
T h e r e  d i d  n o t  a p p e a r  t o  be any  d i f f e r e n c e s  i n  t h e  r e l a t i o n ­
s h i p s  due t o  s h a d i n g ,  so d a t a  w e r e  n o t  s e p a r a t e d  i n t o  t h o s e  
f r o m  s ha d ed  and u n s h a d e d  s e e d l i n g s .
The d a t a  w e r e  s e p a r a t e d  I n t o  two  g r o u p s  bas e d  on 
t h e s e  d i f f e r e n c e s  and c o r r e l a t i o n  c o e f f i c i e n t s  b e t w e e n  r a t e s  
o f  m e t a l  movements  t o  s h o o t s  e s t i m a t e d .  The r e s u l t s  a r e  
g i v e n  i n  T a b l e  4.
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T a b l e  4 C o r r e l a t i o n  c o e f f i c i e n t s  r e l a t i n g  r a t e s  o f  
m e t a l  movement  t o  s h o o t s  (/j g me t a l  p e r  s e e d l i n g  
p e r  day  p e r  u n i t  r a t e  o f  c h a n g e  o f  f r e s h  w e i g h t ) .
( a )  S e e d l i n g s  d e f i c i e n t  i n  Cu
T a b l e  5 C o r r e l a t i o n  m a t r i x  r e l a t i n g  r a t e s  o f  m e t a l  
movement  t o  s h o o t s  and  u p t a k e  by r o o t s
Movement  t o  s h o o t s U p t a k e  by r o o t s
S h o o t s
R o o t s
C u Zn Mn Fe Cu Zn Mn Fe
Cu 1 . 0 0
1








1 . 0 0 . 6 3 * 1 . 3 6 - . 0 4 . 55* - . 3 7
Fe L 1 . 0 0  . . 2 0
rr\
O•1 .  28 - . 3 9
Cu 1 . 0 0 . 0 3 . 5 4 * - . 0 9
Zn 1 . 0 0 . 5 5 * . 0 2
Mn 1. 00 . 0 3
Fe 1. 00
S i g n i f i c a n t  w i t h  p < . 0 5  a t  l e a s t
The r e s u l t s  show t h a t  t h e r e  we re  s t r o n g  c o r r ­
e l a t i o n s  b e t w e e n  t h e  r a t e s  o f  movement  o f  Z n # Mn and Fe i n  
b o t h  p o p u l a t i o n s .  When Cu was i n  d e f i c i e n t  s u p p l y ,  i t s  r a t e  
o f  movement  t o  s h o o t s  d i d  n o t  c o r r e l a t e  w i t h  r a t e s  o f  
movement  o f  o t h e r  m e t a l s .  When i n  a d e q u a t e  s u p p l y ,  t h e  r a t e  
o f  movement  o f  Cu s i g n I  f i c a n t  1y and h i g h l y  c o r r e l a t e d  w i t h  
t h e  r a t e s  o f  movement  o f  o t h e r  m e t a l s .
I t  seems ,  t h e r e f o r e ,  t h a t  t h e  movement s  o f  t h e s e  
f o u r  m e t a l s  t o  s h o o t s  a r e  c l o s e l y  r e l a t e d ,  i f  a l l  a r e  i n  
a d e q u a t e  s u p p l y .  When Cu was d e f i c i e n t ,  i t  was n o t  a b l e  t o  
kep  pace  w i t h  t h e  o t h e r  m e t a l s .  As d i s c u s s e d  e a r l i e r  
( F i g s  5 , 6 ) ,  t h e r e  w e r e  i n d i c a t i o n s  t h a t  Zn was r e l a t i v e l y  
more  a v a i l a b l e  i n  Zn d e f i c i e n t  s o l u t i o n s  t h a n  Cu was i n  Cu 
d e f i c i e n t  s o l u t i o n s .  T h i s  may e x p l a i n  why r a t e  o f  Zn 
movement  t o  s h o o t s  c o r r e l a t e d  w i t h  r a t e s  o f  movement  o f  o t h e r  
m e t a l s ,  e v e n  when no Zn was added  t o  t h e  n u t r i e n t  s o l u t i o n .
F i g s  9 and  10 show t h e  r e 1 a t i o n s h i p s  b e t w e e n  r a t e s  
o f  u p t a k e  o f  m e t a l s  by  r o o t s  f o r  s e l e c t e d  rneta)  p a i r s .  Some 
n e g a t i v e  r a t e s  o f  u p t a k e  by  r o o t s  o f  Cu ( F i g  9)  and Fe 
( F i g  10)  w e r e ,  o b s e r v e d .  F i g s  11 and 12 show t h e  r e l a t i o n ­
s h i p s  b e t w e e n  r a t e s  o f  movement  t o  s h o o t s  and u p t a k e  by  r o o t s  
f o r  Zn and Cu.  T h e r e  d i d  n o t  a p p e a r  t o  be any  s e p a r a t i o n  
i n t o  t wo  p o p u l a t i o n s  w i t h  d i f f e r e n t  r e s u l t s  i n  t h e  s e p a r a t e  
p o p u l a t i o n s  as  t h e r e ,  w e re  i n  s h o o t s ,  so t h e s e  d a t a  we re  
c o n s i d e r e d  as a w h o l e .  The c o r r e l a t i o n  m a t r i x  r e l a t i n g  t h e s e  
v a r i a b l e s  f o r  a l l  m e t a l s  i s  shown i n  T a b l e  5 ( p  1 2 7 ) .  The 
a r e a  e n c l o s e d  by t h e  d o t t e d  l i n e  i n  t h i s  T a b l e  was,  o f
c o u r s e ,  c o n s t r u c t e d  f r o m  t h e  same d a t a  us ed  t o  c o m p i l e  
T a b l e  4a and 4 b ,  b u t  p o o l e d  f o r  b o t h  t h e  Zn d e f i c i e n t  and Cu 
d e f i c i e n t  p o p u l a t i o n s  -  t h i s  s e c t i o n  o f  T a b l e  5 i s  n o t  o f  
i n t e r e s t  t o  t h i s  p a r t  o f  t h e  d i s c u s s i o n .
T h e r e  was v e r y  l i t t l e  c o r r e l a t i o n  b e t w e e n  r a t e s  o f  
u p t a k e  o f  Cu,  Zn and Fe by  r o o t s ,  w h i l e  Mn showed a 
r e l a t i v e l y  low ( r  = 0 . 5 - 0 . 6 )  c o r r e l a t i o n  w i t h  Cu and Zn.  
T h e r e  was a l s o  v e r y  l i t t l e  r e l a t i o n s h i p  b e t w e e n  r a t e  o f  
movement  o f  Cu,  Zn and Fe t o  s h o o t s  w i t h  c o r r e s p o n d i n g  r a t e s  
o f  u p t a k e  by r o o t s .  A g a i n  t h e r e  w e r e  s i g n i f i c a n t ,  a l t h o u g h  
m o d e r a t e ,  c o r r e l a t i o n s  b e t w e e n  r a t e s  o f  f in movement  t o  s h o o t s  
and r a t e s  o f  Cu and  Zn u p t a k e  by  r o o t s .
R e l a t i o n s h i p  b e t w e e n  m e t a l  movement  t o  s h o o t s  
and t r a n s p i r a t i o n
To a l l o w  f o r  d i f f e r e n c e s  i n  g r o w t h  r a t e s  w i t h  
d i f f e r e n t  t r e a t m e n t s ,  t r a n s p i r a t i o n  r a t e s  o v e r  e a c h  m e a s u r e ­
ment  p e r i o d  we re  e x p r e s s e d  as a f r a c t i o n  o f  t h e  a v e r a g e  f r e s h  
w e i g h t  o f  s e e d l i n g s  o v e r  t h a t  p e r i o d .
The e f f e c t s  o f  m e ta l  p r e t r e a t m e n t  and l i g h t  
i n t e n s i t y  on t r a n s p i r a t i o n  r a t e  p e r  u n i t  f r e s h  w e i g h t  a r e  
g i v e n  i n  T a b l e  6.  V a r i a n c e s  b e t w e e n  s a m p l e s  w e r e  n o t  homo­
gen e ou s  i n  e i t h e r  a n a l y s i s ,  so a p p r o p r i a t e  t e c h n i q u e s  ( S o k a l  
and R o h l f  1969)  we re  us ed  t o  t e s t  t h e  s i g n i f i c a n c e  o f  
d i f f e r e n c e s  b e t w e e n  means.
The r e s u l t s  s u g g e s t e d  t h a t  p r e t r e a t m e n t  w i t h  h i g h
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T a b l e  6 M a i n  e f f e c t s  o f  s e e d l i n g  p r e t r e a t m e n t  and 
l i g h t  i n t e n s i t y  on  t r a n s p i r a t i o n  r a t e  ( g  w a t e r  p e r  
s e e d l i n g  p e r  day  p e r  u n i t  a v e r a g e  f r e s h  w e i g h t  
o v e r  e ac h  m e as u r e me n t  p e r i o d ) .  R e s u l t s  meaned 
o v e r  a l 1 h a r v e s t s .
( a )  E f f e c t  o f  p r e t r e a t r n e n t s
Zn
Oppm
P r e t r e a t m e n t
Cu Zn
, Oppm 1 ppm
Cu
1 ppm
S I g n i f -  
i c a n c e  
( P<)
2.  09a 2 . 0 0 a  4 . 0 1 b 3 . 3 3 a b . 001 *
*  Means 
a n t  1 y 
t hem.
w h i c h  d i d  n o t  
have  s i  mi 1a r
d i f f e r  s i g n l f i c -  
l e t t e r s  a l o n g s i d e
( b ) E f f e c t o f  1 i g h t  i n t e n s i t y
L i g h t  ( X )  
40 1 00
Si  g n i  f -  
i c a n c e  
( P<)
2 . 7 3  • 2 . 6 3 NS
T a b l e  7 S i m i l a r  d a t a  t o  t h o s e  o f  T a b l e  6 ( a ) ,  b u t  s e p ­
a r a t e d  i n t o  d a t a  f o r  t h e  t h r e e  t i m e  p e r i o d s  o f  t h e  
e x p e r i m e n t .
P r e t r e a t m e n t
P e r i o d  









0 -  2 8 2 . 4 7 2.31 4 . 2 3 5 . 3 1
29 -  57 2 . 21 1 . 9 7 3 . 8 7 2 . 2 3
58 -  84 1 . 6 0 1 . 73 3 . 9 3 2.  44
1 3 1
Zn o r  Cu I n c r e a s e d  t r a n s p i r a t i o n  r a t e .  T a b l e  7 g i v e s  t h e  
mean r a t e s  o f  t r a n s p I r a t  I on  f o r  t h e  d i f f e r e n t  p r e t r e a t m e n t s  
o v e r  t h e  t h r e e  t i m e  p e r i o d s .  The s i g n i f i c a n c e  o f  t h e  
i n t e r a c t i o n  was n o t  s t a t i s t i c a l l y  t e s t e d  b e c a u s e  d a t a  m a k i n g  
up t h i s  T a b l e  w e r e  u n b a l a n c e d .  I t  a p p e a r s  t h a t  f o r  s e e d l i n g s  
p r e t r e a t e d  w i t h  h i g h  C u t t h e  h i g h e r  t r a n s p i r a t i o n  r a t e  was 
c o n f i n e d  m a i n l y  t o  t h e  f i r s t  m e a s u r e m e n t  p e r i o d .  The e a r l i e r  
r e s u l t s  h av e  shown t h a t  t h e s e  s e e d l i n g s  we re  Cu d e f i c i e n t  
a f t e r  t h a t  t i m e .  F o r  s e e d l i n g s  p r e t r e a t e d  w i t h  h i g h  Zn ,  t h e  
e f f e c t  p e r s i s t e d  o v e r  a l l  t i m e  p e r i o d s :  e a r l i e r  r e s u l t s  
showed t h e s e  s e e d l i n g s  had , s u f f I c I e n t ,  a l t h o u g h  d e c l i n i n g ,  Zn 
l e v e l s  t h r o u g h o u t  t h e  e x p e r i m e n t .  T h u s ,  i t  seems t h a t  t r a n s ­
p i r a t i o n  r a t e  was i n d e e d  r e d u c e d  o n l y  when s e e d l i n g s  w e r e  Cu 
o r  Zn d e f i c I e n t .
T a b l e  6b s h o w ed ,  no s i g n i f i c a n t  e f f e c t s  o f  l i g h t  
i n t e n s i t y  on  t r a n s p I  r a t i o n  r a t e .  T h e r m o h y d r o g r a p h s  p l a c e d  i n  
f u l l  and 40% o f  f u 11 l i g h t  showed no s u b s t a n t i a l  e f f e c t s  o f  
s h a d i n g  on t e m p e r a t u r e  o r  r e l a t i v e  h u m i d i t y .  T h e r e f o r e ,  o n l y  
r e d u c e d  l i g h t  i n t e n s i t y  m i g h t  have  been  e x p e c t e d  t o  a f f e c t  
s t o m a t a l  o p e n i n g  and  h e n c e  t r a n s p i r a t  I on  r a t e s .  The l a c k  o f  
any  e f f e c t s  I s  c o n s i d e r e d  i.n l a t e r  d i s c u s s i o n .
To e x a m i n e  t h e  r e  1 a t i o n s h i p . b e t w e e n  r a t e s  a t  w h i c h  
m e t a l s  moved t o  s h o o t s  and t r a n s p i r a t i o n  r a t e ,  d a t a  we re  
s e p a r a t e d  I n t o  t h o s e  f o r  t h e  t wo  p o p u l a t i o n s  o f  s e e d l i n g s  
r e c e i v i n g  Cu d e f i c i e n t  o r  Zn d e f i c i e n t  s o l u t i o n s  o v e r  t h e  
m e a s u r e m e n t  p e r i o d .  T a b l e  8 g i v e s  t h e  c o r r e l a t i o n  
c o e f f i c i e n t s  r e l a t i n g  r a t e s  o f  m e t a l  movement  t o  s h o o t s  and
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t r a n s p i r a t i o n  r a t e .
The r e s u l t s  showed no s u b s t a n t i a l  r e l a t i o n s h i p  
b e t w e e n  r a t e s  o f  m e t a l  movement  t o  s h o o t s  and t r a n s p i r a t i o n  
r a t e .
T a b l e  8 C o r r e l a t i o n  c o e f f i c i e n t s  b e t w e e n  r a t e s  o f  
m e t a l  movement  t o  s h o o t s  ( ug  m e t a l  p e r  s e e d l i n g  
p e r  day  p e r  u n i t  r a t e  o f  c h a n g e  o f  f r e s h  w e i g h t )  
and t r a n s p i r a t  I on  r a t e  ( g  w a t e r  p e r  s e e d l i n g  p e r  
day  p e r  u n i t  a v e r a g e  f r e s h  w e i g h t )  f o r  t wo  pop­
u l a t i o n s  o f  s e e d l i n g s ,  one r e c e i v i n g  Cu d e f i c i e n t  
s o l u t i o n s ,  t h e  o t h e r  Zn d e f i c i e n t  s o l u t i o n s .
P o p u 1 a t i o n  
- Cu  - Z n
Cu i • o . 1 8
Zn - . 3 6 . 1 4
Mn - . 2 5  . - . 1 4
Fe - . 3 4 . 0 8
DISCUSSION
R e l e a s e  o f  s t o r e d  m e t a l s  f r o m  r o o t s  t o  s h o o t s
E x c e s s  Zn and Cu s t o r e d  i n  r o o t s  d u r i n g  p r e t r e a t ­
men t  w i t h  n u t r i e n t  s o l u t i o n s  c o n t a i n i n g  h i g h  c o n c e n t r a t i o n s  
o f  m e t a l ,  was r e l e a s e d  t o  s h o o t s  a f t e r  s e e d l i n g s  w e r e  p l a c e d  
i n  Cu o r  Zn d e f i c i e n t  s o l u t i o n s .  T h i s  s u g g e s t s  t h a t  t h e s e  
m e t a l s  a r e  h e l d  I n  l a b i l e  c o m p l e x e s  w i t h i n  t h e  r o o t .
I f ,  as d i s c u s s e d  i n  p r e v i o u s  p a p e r s ,  h e a v y  m e t a l s  
a r e  f i r m l y  bound w i t h i n  p r o t e i n  s t r u c t u r e ,  t h e n  m e t a l  r e l e a s e  
w o u l d  r e q u i r e  a t  l e a s t  u n f o l d i n g  o f  t h e  p r o t e i n  c h a i n ,  o r
p e r h a p s  c o m p l e t e .  b r e a k d o w n .  T u r n o v e r  o f  p r o t e i n  i n  
m e r i s t e m a t i c  t i s s u e  may be q u i t e  r a p i d .  H e l l e b u r s t  and 
B i d w e l l  ( 1 9 6 4 )  f o u n d  a t u r n o v e r  r a t e  up t o  0 .5% o f  t o t a l  p r o ­
t e i n  p e r  h o u r  i n  e x p a n d i n g  w h e a t  l e a v e s ,  w h i l e  S t e w a r d  and 
B i d w e l l  ( 1 9 6 6 )  f o u n d  h i g h  t u r n o v e r  r a t e s  i n  r a p i d l y  g r o w i n g  
c a r r o t  e x p l a n t  c u l t u r e s .  R a c u se n  and F o o t e  ( 1 9 6 2 )  f o u n d  t h a t  
i n  s e n e s c i n g  bean  l e a v e s  t u r n o v e r  r a t e s  w e r e  a l s o  v e r y  l a r g e ,  
s u g g e s t i n g  t h a t  t h e  p h y s i o l o g i c a l  c h a n g e s  i n v o l v e d  i n  
s e n e s c e n c e  r e q u i r e d  r a p i d  c h a n g e s  I n  t h e  t y p e s  o f  p r o t e i n s  
b e i n g  s y n t h e s i z e d .
I f  r a p i d  p r o t e i n  t u r n o v e r  c an  o c c u r  a s  a r e s u l t  o f  
c h a n g i n g  p h y s i o l o g i c a l  c o n d i t i o n s ,  I t  seems q u i t e  f e a s i b l e  t o  
s u g g e s t  t h a t  p r o t e i n s  may be s y n t h e s i z e d  s p e c i f i c a l l y  t o  
s t o r e  e x c e s s  m e t a l  and may r a p i d l y  b r e a k  down t o  r e l e a s e  t h e  
m e t a l  u n d e r  d e f i c i e n c y  c o n d i t i o n s .  T h i s  a l s o  s u g g e s t s  t h a t  
s t o r a g e  p r o t e i n s  may be s y n t h e s i z e d  as  a s p e c i f i c  d e f e n c e  
m ec ha n i s m a g a i n s t  t h e  e x c e s s  a n d / o r  a s a f e t y  mec han i s m 
a g a i n s t  f u t u r e  d e f i c i e n c i e s  when e x c e s s  m e t a l s  a r e  s u p p l i e d  
t o  t h e  seed  1 i n g .
M e c h a n i s m  o f  m e t a l  u p t a k e  by  r o o t s  and r e l e a s e  t o  s h o o t s
The e v i d e n c e  f r o m  t h e  c o r r e l a t i o n  a n a l y s e s  r e l a t i n g  
t h e  r a t e s  o f  u p t a k e  o f  Cu,  Zn and Fe by  r o o t s  gav e  no 
I n d i c a t i o n  t h a t  t h e  u p t a k e  o f  t h e s e  m e t a l s  was r e l a t e d  when 
t h e y  we re  i n  a d e q u a t e  o r  d e f i c i e n t  s u p p l y .  These  r e s u l t s  
d i s a g r e e  w i t h  t h e  n o t i o n  t h a t  u p t a k e  o f  a l l  i o n s  i s  
c o n t r o l l e d  by t h e  same m ec ha n i s m when i o n s  a r e  i n  a d e q u a t e
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s u p p l y  ( s e e  I n t r o d u c t i o n ) • f o r  i f  t h e y  w e r e ,  t h e n  i n  t h e  l ong  
t e r m  s t e a d y  s t a t e ,  t h e i r  r a t e s  o f  u p t a k e  m i g h t  be  e x p e c t e d  t o  
c o r r e l a t e *  T h e r e  was e v i d e n c e ,  h o w e v e r ,  t h a t  Mn u p t a k e  by 
r o o t s  may h a v e  b e e n  a t  l e a s t  p a r t i a l l y  r e l a t e d  t o  Cu and  Zn 
u p t a k e !  Mn may s h a r e  t h e  u p t a k e  m e c h a n i s m s  o f  t h e s e  two 
m e t a l s .
T h e r e  we r e  a l s o  no s t r o n g  c o r r e l a t i o n s  r e l a t i n g  
r a t e s  a t  w h i c h  m e t a l s  we r e  t a k e n  up by r o o t s  and  t h e  r a t e s  a t  
w h i c h  t h e y  w e r e  t r a n s p o r t e d  t o  s h o o t s .  T h i s  s u g g e s t s  t h a t  
u p t a k e  by r o o t s  a nd  r e l e a s e  t o  t h e  xy l e m a r e  i n d e p e n d e n t  
m e c h a n i s m s  a nd  a g r e e s  w i t h  t h e  p r e s e n t  t h e o r y  t h a t  t h e r e  a r e  
t wo s i t e s  o f  a c t i v e  c o n t r o l  o f  n u t r i e n t s  I n  t h e  r o o t s ,  one  a t  
t h e  r o o t  s u r f a c e  and  one  a t  t h e  s t e l e .
T h e r e  i s  l i t t l e  r e a s o n  t o  a s s u m e  t h a t  t h e  t h e o r i e s  
a d v a n c e d  f o r  I on  u p t a k e  and  r e l e a s e  m e c h a n i s m s  b a s e d  on 
s t u d i e s  w i t h  C l ” a n d  a l k a l i  m e t a l s  s h o u l d  a p p l y  t o  t h e  m e t a l s  
s t u d i e d  h e r e .  The l ong  t i m e  p e r i o d  o f  t h i s  e x p e r i m e n t  a l s o  
c a s t s  d o u b t  on t h e  v a l i d i t y  o f  c o m p a r i n g  t h i s . s t u d y  t o  o t h e r s  
w h i c h  ha v e  b e e n  c o n d u c t e d  o n l y  f o r  a m a t t e r  o f  h o u r s .  I n  t h e  
l o n g  t e r m ,  s u b s t a n t i a l  g r o w t h  . o c c u r s  a n d  t h e  wh o l e  
p h y s i o l o g i c a l  s t a t e  o f  t h e  s e e d l i n g  may c h a n g e .  T h i s  may 
c h a n g e  t h e  s e e d l i n g  me t a l  b a l a n c e  w i t h  t i m e ,  a l t h o u g h  o v e r  
a n y  r e l a t i v e l y  s h o r t  t i m e  p e r i o d ,  c l o s e  r e l a t i o n s  b e t w e e n  t h e  
d i f f e r e n t  n u t r i e n t s  may a p p l y ,  . In a c c o r d  w i t h  t h e  p r e s e n t  
t h e o r i e s  o f  I on  u p t a k e .  C h a n g e s  i n  t h e  s e e d l i n g  e n v i r o n m e n t  
w i t h  t i m e  m i g h t  a l s o  e f f e c t  t h e  m e t a l  b a l a n c e  o f  t h e  s e e d ­
l i n g .  I n  t h e  s o l u t i o n  c u l t u r e s  u s e d  h e r e ,  n u t r i e n t  c o n c e n -
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t r a t l o n s  w e r e ,  n o t  c o n s t a n t ,  a l t h o u g h  t h e r e  wo u l d  h a v e  b e e n  
a d e q u a t e  n u t r i e n t  l e v e l s  t h r o u g h o u t  t h e  d u r a t i o n  o f  t h e  e x ­
p e r i m e n t  u n l e s s  s e e d l i n g s  w e r e  s p e c i f i c a l l y  s u p p l i e d  w i t h  
m e t a l  d e f i c i e n t  s o l u t i o n s .  A c o m p l e x  f l o w  s y s t e m  o f  s o l u t i o n  
c u l t u r e ,  s u c h  a s  t h a t  d e v e l o p e d  by A s h e r  e t  a l  ( 1 9 6 5 ) ,  wou l d  
be  n e c e s s a r y  t o  e n s u r e  c o n s t a n t  n u t r i e n t  a v a i l a b i l i t y  f o r  
mor e  p r e c i s e  e x a m i n a t i o n  o f  t h e s e  h y p o t h e s e s .
A f u r t h e r  p r o b l e m  w i t h  t h e  t e c h n i q u e  u s e d  h e r e ,  was  
t h a t  i t  was  p o s s i b l e  o n l y  t o  o b s e r v e  n e t  r a t e s  o f  me t a l  
mo v e me n t .  Whi l e  d i s c u s s i o n  h a s  b e e n  l i m i t e d  t o  t h e  o n e  way 
r o o t  t o  s h o o t  mo v e me n t ,  r e v e r s e  movement  ( h e n c e  n e g a t i v e  
r a t e s  o f  movement )  was  o b s e r v e d  h e r e .  A number  o f  w o r k e r s  
h a v e  e x a m i n e d  t h e  m o b i l i t y  o f  e l e m e n t s  i n  p l a n t s .  K, Rb,  Na,  
P ,  C l ”  and  S 0 4~ g e n e r a l l y  a r e  q u i t e  m o b i l e  ( L a u c h l i  1 9 7 2 ,  
B u k o v a c  a n d  W i t t w e r  1957)  w h i l e  Ca I s  p h l o e m I mmo b i l e  
( M a r s c h n e r  1 9 7 4 ) .  Bu k o v a c  and  Wi t t w e r  ( 1 9 5 7 )  f o u n d  t h a t  Cu,  
Zn,  Mn, Fe a nd  No a p p l i e d  t o  l e a v e s  o f  b e a n  we r e  o n l y  
p a r t i a l l y  m o b i l e ,  b u t  some o f  t h e  a p p l i e d  m e t a l  d i d  move o u t  
o f  t h e  l e a f .  Ho we v e r ,  b o t h  HI 11 ( 1 9 7 3 )  a n d  Wood a n d  Womer s l y  
( 1 9 4 6 )  h a v e  f o u n d  t h a t  Cu may be  h e l d  i mmo b i l e  i n  l e a v e s  o f  
r e d  c l o v e r  and o a t s  r e s p e c t i v e l y .  I t  s e e ms  l i k e l y  t h a t  t h e r e  
was  a t  l e a s t  some movement  o f  a l l  t h e  . h e a v y  m e t a l s  a s s a y e d  
h e r e  i n  v a r i o u s  d i r e c t i o n s  i n  s e e d l i n g s .  T h i s  mu s t  t h r o w 
f u r t h e r  d o u b t  on  t h e  i n t e r p r e t a t i o n  o f  t h e  p u r e l y  n e t  e f f e c t s  
o b s e r v e d  i n  t h i s  e x p e r i m e n t .
T h e r e  w e r e  s t r o n g  c o r r e l a t i o n s  r e l a t i n g  t h e  r a t e s  
a t  w h i c h  Cu,  Zn,  Nn a nd  Fe moved t o  s h o o t s  a s  l o n g  a s  t h e
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e l e m e n t s  w e r e ,  i n  a d e q u a t e  s u p p l y .  T h i s  s u g g e s t s  t h a t  t h e s e  
m e t a l s  have  s i m i l a r  r e l e a s e  m e ch an i s ms  a t  t h e  s t e l a r  b a r r i e r  
c o n s i s t e n t  w i t h  t h e  c o n c e p t  o f  a n o n - s p e c i f i c  m e chan i s m  
c o n t r o l l i n g  i o n  r e l e a s e  f r o m  t h e  c e l l  when i o n s  a r e  p l e n t i f u l  
( s e e  e a r l i e r ) .  When Cu was d e f i c i e n t ,  t h e  s p e c i f i c  c o n t r o l  
mechan i s m w h i c h  o p e r a t e s  a t  low n u t r i e n t  c o n c e n t r a t i o n s  may 
h av e  c o n t r o l l e d  Cu r e l e a s e ,  hen ce  t h e r e  was no c o r r e l a t i o n  
w i t h  o t h e r  m e t a l s .  U n l i k e  t h e  u p t a k e  m e c h a n i s m ,  t h e  r e s u l t s  
s u g g e s t e d  common r e l e a s e  m ec ha n i s ms  f o r  t h e s e  m e t a l s  t o  x y l e m  
when t h e y  we re  i n  a d e q u a t e  s u p p l y .
R e l a t i o n  o f  m e t a l  t r a n s p o r t  t o  s h o o t s  
and t h e  t r a n s p i r a t i o n  s t r e a m
T he r e  was no s u b s t a n t i a ]  c o r r e l a t i o n  b e t w e e n  t r a n s ­
p i r a t i o n  r a t e s  and t h e  r a t e s  o f  m e t a l  t r a n s p o r t  t o  s h o o t s  
a f t e r  r e m o v i n g  t h e  e f f e c t s  o f  g r o w t h  f r o m  t h e  d a t a .  The 
c o m p o s i t i o n  o f  t h e  x y l e m  sap  may c h a n g e  s e a s o n a l l y  and 
d i u r n a l  l y  ( K r a m e r  1969)  so  i t  i s  q u i t e  p o s s i b l e  t h a t  t h e  
n a t u r e  o f  t h e  r e l a t i o n  b e t w e e n  m e t a l  c o m p o s i t i o n  o f  t h e  x y l e m  
sap  and t h e  w a t e r  c o n t e n t  may c h a n g e  f r o m  t i m e  t o  t i m e .  I n  
t h e  s h o r t  t e r m  t h e n ,  o v e r  a m a t t e r  o f  h o u r s  and u n d e r  v e r y  
c o n s t a n t  e n v i r o n m e n t a 1 c o n d i t i o n s ,  t h e r e  m i g h t  be a s t r o n g  
c o r r e l a t i o n  b e t w e e n  m e t a l  movement  and t r a n s p i r a t i o n  r a t e  as  
d i s c u s s e d  e a r l i e r .  B u t  o v e r  t h e  t h r e e  mon t h  p e r i o d  o f  t h i s  
e x p e r i m e n t ,  t h i s  may n o t  hav e  a p p l i e d .
On t h e  o t h e r  h a n d ,  w h i l e  i t  has  been  a g r e e d  t h a t  
mass f l o w  c a r r i e s  t h e  i o n s  t o w a r d s  t h e  l e a v e s  ( K r a m e r  1 9 6 9 ) ,
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s t r o n g  e v i d e n c e  has  a p p e a r e d  t h a t ,  t h i s  i s  n o t  t h e  c a s e  f o r  Ca 
i n  b ea ns  ( B i d d u i p h  e t  a l  1961 ,  B e l l  and B i d d u l p h  1963)  and 
dogwood t r e e s  (Thomas 1967)  o r  Sr  i n  b e a n s  ( E mme r t  1 9 6 5 ) .  
Fo r  t h e s e  e l e m e n t s ,  t h e  x y l e m  sems t o  b e h av e  as  a
c h r o m a t o g r a p h i c  e x c h a n g e  c o l u m n  up w h i c h  m e t a l s  move by  a 
s e r i e s  o f  e x c h a n g e  r e a c t i o n s .  The n a t u r e  o f  t h e  e x c h a n g e  
s i t e s  has  n o t  been e l u c i d a t e d  ( B e l l  and B i d d u l p h  1 9 6 3 ) .  
F u r t h e r  w o r k  i s  n e c e s s a r y  t o  r e l a t e  t h e s e  r e s u l t s  t o  o t h e r  
e l e m e n t s .  . C e r t a i n l y  t h e  h e a v y  m e t a l s  used  h e r e  a r e  
c h e m i c a l l y  s u i t e d  t o  beh a ve  i n  t h i s  f a s h i o n  and  T i f f i n  ( 1 9 6 7 )  
p r o v i d e s  d i r e c t  e v i d e n c e  t h a t  Mn, Co and Zn o c c u r  i n  x y l e m  
t o m a t o  sap as  f r e e  c a t i o n s .  H e w i t t  and G a r d n e r  ( 1 9 5 6 )  f o u n d  
t h a t  Zn was a p p a r e n t l y  a d s o r b e d  on t h e  w a l l s  o f  v e s s e l s  o f  
g r a p e  s t e ms  by e x c h a n g e  w i t h  H + i o n s .  T h e r e  seems t o  be 
g e n e r a l  c o n c e n s u s  t h a t ,  t h e  . b u l k  o f  m e t a l s  e x i s t  as  f r e e  
c a t i o n s  i n  t h e  x y l e m  s t r e a m  ( B i d d u l p h  1959 ,  S u t c l i f f e  1 9 6 2 ) .  
Fe i s  an e x c e p t i o n *  I t  has  been  f o u n d  c o m p l e x e d  w i t h  m a l a t e  
i n  s o y b e a n  s t em  e x u d a t e  ( T i f f i n  and Brown 1962)  and  c i t r a t e  
i n  s u n f l o w e r  ( T i f f i n  1 9 6 6 ) .  Movement ,  o f  Fe m i g h t  t h e r e f o r e  
be d i f f e r e n t  . t o  t h a t  o f  o t h e r  m e t a l s  b e c a u s e  I t s  b i n d i n g  and 
e l e c t r i c a l  p r o p e r t i e s  a r e  much a l t e r e d  by  t h e  c h e l a t i o n  and 
b e c a u s e  t h e  a v a l  1 a b i  1 i t y  o f .  c h e  1 a t e s  w i l l  a l s o  a f f e c t  i t s  
t r a n s p o r t .  I f  an e x c h a n g e  t r a n s p o r t  s y s t e m  o p e r a t e s ,  a t  
l e a s t  f o r  Cu,  Zn and  Mn,  i n  t h e  x y l e m ,  I o n  movement  m i g h t  be 
q u i t e  i n d e p e n d e n t  o f  t r a n s p i r a t i o n  r a t e  as was o b s e r v e d  i n  
t h i s  e x p e r i m e n t .
R e l a t i o n  o f  l i g h t  and metal ,  d e f i c i e n c y  t o  t r a n s p  I r a  t  i on
Cu and Zn d e f i c i e n c y  r e d u c e d  t r a n s p i r a t i o n  f r o m  
s e e d l i n g s  i n  t h i s  e x p e r i m e n t .  A p a r t  f r o m  s m a l l  a rnoun t s  o f  
w a t e r  w h i c h  may e n t e r  t h e  . x y l e m  t h r o u g h  gaps  I n  t h e  
c n d o d e r m a l  b a r r i e r  ( s e e  I n t r o d u c t i o n ) ,  w a t e r  mus t  c r o s s  c e l l  
membranes a t  l e a s t  t w i c e  i n  m o v i n g  f r o m  t h e  e x t e r n a l  s o l u t i o n  
t o  t h e  x y l e m .  P l a n t  g r o w t h  s u b s t a n c e s  have  been  f o u n d  t o  
a l t e r  c e l l  o r  membrane p e r m e a b i l i t y  t o  w a t e r  ( T a l  and I mbe r  
197 1 ,  G l i n k a  and R e i n h o l d  197 1 ,  C o l l i n s  and K e r r i g a n  1973 ,  
Cram and P i t m a n  197 2 ,  Wood e t  a l  1 9 7 2 ) .  Co and Zn may r e d u c e  
t h e  v o l u m e  o f  w a t e r  e x u d i n g  f r o m  t o m a t o  x y l e m  ( T i  f f i n  and 
B r ow n  1 9 6 2 ) ,  w h i l e  t h e  h y d r o s t a t i c  p r e s s u r e  o f  w a t e r  i t s e l f  
a p p e a r s  t o  i n d u c e  c h a n g e s  i n  p e r m e a b i l i t y  o f  r o o t  c e l l s  t o  
w a t e r  ( K u i p e r  and K u l p e r  1 9 7 4 ) .  P oo r  n u t r i t i o n  may a f f e c t  
s t o m a t a l  o p e n i n g  ( P r i c e  1970)  w h i c h  may i n  t u r n  a f f e c t  t r a n s -  
p i  r a t i  on  r a t e .
C l e a r l y  t h e r e  a r e  p h y s i o l o g i c a l  a g e n c i e s ,  i n c l u d i n g  
p l a n t  n u t r i e n t s ,  w h i c h  a f f e c t  t r a n s p i r a t i o n  r a t e s  and 
p r o b a b l y  c a u s e d  t h e  e f f e c t s  o b s e r v e d  h e r e .  These  m e c ha n i sm s  
a r e  n o t  as y e t  w e l l  u n d e r s t o o d .
A l t h o u g h  r e d u c e d  l i g h t  i n t e n s i t y  c a u s e s  s t o m a t a l  
c l o s u r e ,  t h e r e  i s  d e b a t e  as t o  how n e a r t o  c l o s u r e  s t o m a t a  
mus t  be b e f o r e  t r a n s p i r a t i o n  i s  r e d u c e d  ( S t r a f f o r d  1 9 6 5 ) .  I t  
may be t h a t  t h e  40% o f  f u l l  l i g h t  t r e a t m e n t  h e r e  was n o t  
s u f f i c i e n t  t o  c l o s e  t h e  s t o m a t a  t o  t h e  e x t e n t  n e c e s s a r y  t o  
r e d u c e  t r a n s p i r a 1 1  on r a t e .  T h i s  w o u l d  e x p l a i n  t h e  l a c k  o f  
e f f e c t  o f  r e d u c e d  l i g h t  on t r a n s p i r a t i o n  t h a t  was o b s e r v e d  i n
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ABSTRACT
IAA,  GA, k l n e t i n  and ABA a t  1 0 - 6 M w e r e  a p p l i e d  i n  
n u t r i e n t  s o l u t i o n s  t o  t w o - w e e k - o l d  s e e d l i n g s  o f  P.  r a d i a t a . 
The e f f e c t s  o f  t h e  g r o w t h  s u b s t a n c e s  and a e r a t i o n  o f  t h e  s o l ­
u t i o n  on u p t a k e  and  t r a n s p o r t  o f  Cu,  Zn ,  Mn and Fe f o r  
12 weeks  w e r e  s t u d i e d .  The u p t a k e  o f  Zn by  r o o t s  was r e d u c e d  
by  IAA and a e r a t i o n *  An i n t e g r a t e d  h y p o t h e s i s  f o r  t h e  
c o n t r o l  o f  Zn n u t r i t i o n  by a u x i n  i s  p r o p o s e d .  R a t e s  o f  Cu 
and Mn t r a n s p o r t  t o  s h o o t s  we re  i n c r e a s e d  by I A A ,  GA and  ABA, 
s u g g e s t i n g  d i s t r i b u t i o n  o f  t h e s e  m e t a l s  i n  t h e  p l a n t  may be 
u n d e r  h o r m o n a l  c o n t r o l .  Fe was n o t  a f f e c t e d  by g r o w t h  
s u b s t a n c e s  o r  a e r a t i o n .  U p t a k e  o f  a 11 f o u r  m e t a l s  by  r o o t s  
seemed t o  be c o n t r o l l e d  by  r e l a t e d  m ec ha n i s ms  as  was r e l e a s e  
t o  t h e  x y l e m  s t r e a m .
INTRODUCTION
I t  has  been  common t o  t h i n k  o f  ( e s p e c i a l l y )  
m e r i s t e m a t i c  p l a n t  t i s s u e s  as " s i n k s "  t o  w h i c h  i n o r g a n i c  n u t ­
r i e n t s  move i n  r e s p o n s e  t o  t h e  need t o  m a i n t a i n  v i g o r o u s  
g r o w t h  ( M a r s c h n e r  197 4 ,  W a r e i n g  1 9 7 0 ) .  Such  " s i n k s ” c a n n o t
e x i s t  i n  i s o l a t i o n ;  some message mus t  be t r a n s m i t t e d  t h r o u g h  
t h e  p i a n t  t o  t h e  s i t e s  w h i c h  c o n t r o l  n u t r i e n t  u p t a k e  and 
t r a n s p o r t  so  t h a t  n u t r i e n t s  may be a v a i l a b l e  when and  wh er e  
t h e y  a r e  r e q u i r e d .
A g r o w i n g  body  o f  e v i d e n c e  s u g g e s t s  t h a t  p l a n t  h o r ­
mones i n f l u e n c e  t h e  u p t a k e  and d i s t r i b u t i o n  o f  i n o r g a n i c  ( a n d  
o r g a n i c )  n u t r i e n t s  i n  t h e  p l a n t  and may a c t  as  t h e
c o n t r o l l i n g  f a c t o r s  i n  t h e  n u t r i t i o n a l  b a l a n c e  o f  t h e  p l a n t .  
T h u s ,  a u x i n  a p p l i e d  t o  s h o o t s  o f  p ea ,  p o p l a r  and b ea n  c a u s e d  
p h o s p h a t e  t o  a c c u m u l a t e  a t  t h e  s i t e  o f  a p p l i c a t i o n .  The 
e f f e c t  o f  a u x i n  was a c c e n t u a t e d  by a d d i n g  c y t o k l n i n  o r  
g i b b e r e l l i n  ( D a v i e s  and W a r e ! n g  1965 ,  W a r e i n g  1 9 7 0 ) .  
D o e r f f l i n g  e t  a l  ( 1 9 7 3 )  o b s e r v e d  s i m i l a r  e f f e c t s  i n  s u n f l o w e r  
and f o u n d  t h a t  K a l s o  a c c u m u l a t e d  b e l o w  t h e  s i t e  o f  ho rmone  
a p p l i c a t i o n .  .They  a l s o  f o u n d  t h a t  a b s c i s i c  a c i d  r e d u c e d  t h e  
e f f e c t  o f  a u x i n .  W i eneke  e t  a l  ( 1 9 7 1 )  . f o u n d  t h a t ,  f o l i a r  
s p r a y s  o f  g i b b e r e l l i n  r e d u c e d  Ca a b s o r p t i o n  by  s h o o t s  o f  pea 
and b e a n ,  w h i l e  a u x i n  i n c r e a s e d  Ca a c c u m u l a t i o n  i n  s h o o t s  o f  
bean b u t  d e c r e a s e d  i t  i n  p e a .  N e i t h e r  hormone a f f e c t e d  r o o t  
u p t a k e  o f  Ca.  A s h o u r  e t  a l  ( 1 9 7 4 ) ,  on t h e  o t h e r  h a n d ,  we re  
u n a b l e  t o  f i n d  any  e f f e c t  o f  r o o t  a p p l i e d  g i b b e r e l l i n  on Ca 
i n  r o o t s  o r  s h o o t s  o f  p e a .  Kannan  and Mathew ( 1 9 7 0 )  showed 
t h a t  f o l i a r - a p p l i e d  k i n e t i n  and g i b b e r e l l i n  a f f e c t e c  t h e  
a b s o r p t i o n  and t r a n s p o r t  o f  f o l i a r - a p p l i e d  Fe,  Rb and 
p h o s p h a t e  i n  b e a n .  The e f f e c t s  o f  t h e  h o r m o ne s  d i f f e r e d  i n  
i n t e n s i t y  and d i r e c t i o n .  Skoog e t  a l  ( 1 9 3 8 )  a p p l i e d  a u x i n  t o  
t h e  t i p s  o f  d e c a p i t a t e d  c o r n  and s u n f l o w e r  and f o u n d  an 
i n c r e a s e d  r a t e  o f  s a l t  e x u d a t i o n  f r o m  t h e  x y l e m .
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One s p e c i f i c  h o r m o na l  e f f e c t  t h a t  has been much
s t u d i e d  i s  t h e  c o n t r o l  o f  s t o m a t a l  o p e n i n g  by  a b s c i s l c  ac i c i  
( A B A ) .  ABA l e v e l s  o f t e n  i n c r e a s e  m a r k e d l y  i n  l e a v e s  o f  
d r o u g h t e d  p l a n t s  ( M o s t  1971 ,  . K r i e d e m a n  and L o r e g s  1974 ,
B e a r d s e l l  and Co hen .  1 9 7 4 ) .  H i g h  l e v e l s  o f  ABA r e d u c e  t h e  K 
and s u g a r  c o n t e n t  o f  g u a r d  c e l l s  and t h e  s u b s e q u e n t  l o s s  o f  
t u r g o r  c a u s e s  s t o m a t a l  c l o s u r e  ( M a n s f i e l d  and J o n e s  1971 ,  
P enny  and B o w l i n g  1 9 7 4 ) .  The m ec ha n i s m o f  t h e  hormone a c t i o n  
I s  n o t  known.  ABA has  i n c r e a s e d ,  and k i n e t l n  d e c r e a s e d ,  t h e  
r a t e  o f  K and Cl  t r a n s p o r t  i n  t h e  x y l e m  o f  m a i z e  ( C o l l i n s
and K e r r i g a n  1 9 7 3 , 1 9 7 4 )  b u t  Cram and P i t m a n  ( 1 9 7 2 )  f o u n d
o p p o s i t e  e f f e c t s  f o r  ABA.  K i n e t i n  and ABA i n c r e a s e d  K, Ca 
and  C l "  f l u x  i n t o  t h e  r o o t s  o f  m a i z e  ( C o l l i n s  and K e r r i g a n  
1 9 7 4 ) ,  b u t  Cram and P i t m a n  ( 1 9 7 2 )  f o u n d  no e f f e c t  o f  ABA on 
r o o t  a c c u m u l a t i o n  o f  K and C1“ .
L i t t l e  w o r k  has  been  done  on t h e  mec han i s m o f  
a c t i o n  o f  p l a n t  h o r m on es  on n u t r i e n t  u p t a k e  and t r a n s p o r t .  
Wood e t  a l  ( 1 9 7 1 )  s howed  t h a t  g i b b e r e l l i n  i n c r e a s e s  t h e  pe r m­
e a b i l i t y  o f  .model  p h o s p h o l i p i d  b l l a y e r s  t o  g l u c o s e  and 
c h r o m a t e ,  i o n s ,  s u g g e s t i n g  t h a t  . h o r mon es  may a c t  by a f f e c t i n g -  
membrane p e r m e a b i 1 i t y .  R u b e n s t e i n  ( 1 9 7 4 )  p r o p o s e d  t h a t  a u x i n  
i n c r e a s e d  C l ”  u p t a k e  by Avena  c o l e o p t i l e s  by  i n c r e a s i n g  
e x t r u s i o n  o f  H + i o n s  f r o m  c e l l s  and t h u s  p r o m o t i n g  i o n  
u p t a k e .  These r e s u l t s  a g r e e  w i t h  t h o s e  o f  M a r r e  e t  a l  
( 1 9 7 4 a , b )  who showed b o t h  a u x i n  and c y t o k i n i n  i n c r e a s e d  H * 
e x t r u s i o n  f r o m l e a f  and i n t e r n o d e  s e g m e n t s  o f  s q u a s h ,  r a d i s h  
and pea .
V e r y  l i t t l e  w o rk  has been done on h o r m o n a l  c o n t r o l  
o f  h e a v y  m e t a l s  i n  p l a n t s .  Skoog ( 1 9 ^ 0 )  showed t h a t  Zn d e f ­
i c i e n c y  r e d u c e d  t h e  a u x i n  l e v e l  i n  t o m a t o  and  o t h e r  p l a n t s  
b u t  t h a t  t h e r e  was no e f f e c t  o f  Cu o r  Mn d e f i c i e n c y  on  a u x i n  
l e v e l s .  These  r e s u l t s  s u g g e s t  an e f f e c t  o f  t h e  m e t a l  on t h e  
ho r mone  r a t h e r  t h a n  v i c e - v e r s a .
E a r l i e r  s t u d i e s  I n  t h i s  s e r i e s  have  e x a m i n e d  t h e  
r e l a t i o n  b e t w e e n  h ea vy  m e t a l s  h e l d  I n  s h o o t s  and  r o o t s .  B u t  
d u r i n g  t h i s  w o r k ,  no i n f o r m a t i o n  has become a v a i l a b l e  a b o u t  
t h e  f a c t o r s  t h a t  c o n t r o l  t h e  r o o t - s h o o t  m e t a l  b a l a n c e .  G i v e n  
t h e  p o s s i b i l i t y  t h a t  c o n t r o l  may be h o r m o n a l ,  t h e  e x p e r i m e n t  
r e p o r t e d  h e r e  was d e s i g n e d  t o  make p r e l i m i n a r y  i n v e s t i g a t i o n s  
o f  t h e  e f f e c t s  o f  e x o g e n o u s l y  a p p l i e d  p l a n t  g r o w t h  s u b s t a n c e s  
on t h e  u p t a k e  by r o o t s  and t r a n s p o r t  t o  s h o o t s  o f  Cu,  Zn,  Mn 
and  Fe i n  P.  r a d i a t a .
MATERIALS AND METHOD
T w o - w e e k - o l d  P.  r a d i a t a  s e e d l i n g s  w e r e  t r a n s f e r r e d  
t o  n u t r i e n t  s o l u t i o n s  as d e s c r i b e d  f o r  e a r l i e r  e x p e r i m e n t s .  
N u t r i e n t  s o l u t i o n s  we r e  t h e  same .as  used  p r e v I o u s 1y b u t  
c o n t a i n e d  0.1 ppm Zn ,  0.  1 ppm Cu and 0 . 01M CaC l 2 . The C a C l 2 
was f o u n d  t o  i n h i b i t  p a t h o g e n i c  f u n g a l  g r o w t h  w h i c h  had 
c a u s e d  d a m p i n g - o f f  o f  s e e d l i n g s  i n  e a r l i e r  e x p e r i m e n t s  
( H e a t h e r  p e r s .  c o m m . ) .  No a t t e m p t s  w e r e  made t o  e s t i m a t e  t h e  
e f f e c t s  o f  C a C l 2 on t h e  n u t r i t i o n a l  s t a t u s  o f  s e e d l i n g s .
S i x  t r e a t m e n t s  we re  a p p l i e d  a t  t h e  . t i m e o f
e s t a b l i s h m e n t ;  ( I )  c o n t r o l ,  ( i l )  a e r a t i o n  f o r  12 h o u r s  p e r  
d a y ,  ( I l i )  10 6M i n d o 1 e - 3 - a c e t I c  a c i d  ( I A A ) ,  ( i v )  10 “ 6M 
g i b b e r e l l i c  a c i d  ( G A ) ,  ( v )  10 6i i  k i n e t i n  ( 6 - f u r f u r y l - a m i  no­
p u r i n e )  and ( v i )  10” 6M a b s c i s i c  a c i d  ( A B A ) .  G r o w t h  
s u b s t a n c e s  w e r e  s u p p l i e d  i n  t h e  n u t r i e n t  s o l u t i o n s  and  we re  
c h a n g e d  a t  t h e  f o r t n i g h t l y  c h a n g e  o f  t h e  s o l u t i o n s .  A e r a t i o n  
was i n c l u d e d  as a t r e a t m e n t ,  t o  d e t e r m i n e  i f  I n c r e a s e d  
m e t a b o l i c  a c t i v i t y  o f  t h e  p l a n t  w i t h  i n c r e a s e d  o x y g e n  
a v a i l a b i l i t y  w o u l d  a f f e c t  n u t r i t i o n  a n d / o r  s e e d l i n g  g r o w t h  I n  
a manner  s i m i l a r  t o  t h e  g r o w t h  s u b s t a n c e s .  The e x p e r i m e n t  
was r e p l i c a t e d  t w i c e .
S e e d l i n g  w e re  h a r v e s t e d  a t  0 , 4 , 8  and 12 weeks  
a f t e r  e s t a b l i s h m e n t  o f  t h e  . e x p e r i m e n t .  R o o t s  we re  r i n s e d  
q u i c k l y  i n  d e - i o n i z e d  w a t e r ,  s e e d l i n g s  we re  s e p a r a t e d  i n t o  
s h o o t s  and  r o o t s ,  w e i g h e d  f r e s h ,  . d r i e d  a t  85°C and r e ­
w e i g h e d .  The Cu,  Zn,  Tin and  Fe c o n t e n t s  o f  r o o t s  and s h o o t s  
w e r e  d e t e m i n e d  by  a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t r y  as 
d e s c r i b e d  f o r  e a r l i e r  e x p e r i m e n t s .  . S h o o t  and  r o o t  l e n g t h  
( l e n g t h  o f  t h e  l o n g e s t  r o o t )  w e r e  m ea su r ed  a t  e ac h  h a r v e s t .
RESULTS
E f f e c t s  on  s e e d l i n g  g r o w t h  r a t e s
F i g s  1 and 2 show t h e  e f f e c t s  o f  t r e a t m e n t s  on 
l e n g t h  and f r e s h  w e i g h t  o f  s h o o t s  and r o o t s  as a f u n c t i o n  o f  
t i m e .  The r e s u l t s  f o r  o v e n  d r y  w e i g h t  gav e  i d e n t i c a l  t r e n d s  
t o  t h o s e  f o r  f r e s h  w e i g h t ,  so o n l y  f r e s h  w e i g h t s  a r e  
d i s c u s s e d  ( a r b i t r a r I  1y ) .  S i n c e  a l l  s e e d l i n g s  had t h e  same
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F i g s  1 and 2 S h o o t  and r o o t  f r e s h  w e i g h t  ( F i g  1) and  l e n g t h  
( F i g  2 )  g r o w t h  as a f u n c t i o n  o f  t i m e  f o r  s e e d l i n g s  
w h i c h  r e c e i v e d  d i f f e r e n t  t r e a t m e n t s .  3 = r e g r e s s i o n  
c o e f f i c i e n t ,  R * * 2  = p r o p o r t i o n  o f  v a r i a n c e  e x p l a i n e d  
by  r e g r e s s i o n .
mean w e i g h t  and l e n g t h  a t  e s t a b l i s h m e n t  o f  t h e  e x p e r i m e n t ,  
t h e  r e g r e s s i o n  e q u a t i o n s  w e r e  a l l  f o r c e d  t h r o u g h  a common
s t a r t i n g  p o i n t .  The s l o p e s  o f  t h e  r e g r e s s i o n  l i n e s  ( b )  and 
t h e  p r o p o r t i o n s  o f  t h e  v a r i a n c e s  i n  t h e  d e p e n d e n t  v a r i a b l e s  
e x p l a i n e d  by t h e  r e g r e s s i o n s  (R ) a r e  shown on t h e  F i g u r e s .  
A l l  r e g r e s s i o n  e q u a t i o n s  we r e  s i g n i f i c a n t  ( p < . 0 5  a t  l e a s t ) .
F o r  s h o o t  and r o o t  l e n g t h  ( F i g  2)  no c o n v e r s i o n  was
n e c e s s a r y  t o  c o n v e r t  t h e  g r o w t h  c u r v e s  t o  s t r a i g h t  l i n e s .
T h i s  has  been  o b s e r v e d  f o r  l e n g t h  g r o w t h  e l s e w h e r e  ( P r i c e
1 9 7 0 ) .  S t u d y  o f  F i g  2 shows t h a t  v e r y  c l o s e  s t r a i g h t  l i n e
f i t s  w e r e  o b t a i n e d .  F o r  f r e s h  w e i g h t  ( F i g  1 ) ,  a l o g a r i t h m i c
c o n v e r s i o n  was n e c e s s a r y  t o  g e t  a s t r a i g h t  l i n e  f i t .
A t t e m p t s  t o  f i t  o t h e r  e x p o n e n t i a l  g r o w t h  r e l a t i o n s  ( R i c k l e f s
1967)  d i d  n o t  i m p r o v e  t h e  f i t .  The f i t s  o b t a i n e d  w e r e  n o t  as
c l o s e  as  m i g h t  be d e s i r e d ,  b u t  f a i r l y  c l e a r l y  t h e y  gave?
m e a n i n g f u l  r e s u l t s  I n  t r y i n g  t o  d e t e r m i n e  t h e  e f f e c t s  o f
2
t r e a t m e n t s  on g r o w t h  r a t e s .  V a l u e s  o f  R t e n d  t o  be i n f l a t e d  
when r e g r e s s i o n s  a r e  f i t t e d  t h r o u g h  a f i x e d  i n t e r c e p t  as i n  
t h i s  c a s e  ( S p u r r  1 9 5 2 ) .  .Hence t h e  v a l u e s  shown i n  F i g s  1 
and 2 p r o b a b l y  t e n d  t o  e x a g g e r a t e  t h e  c l o s e n e s s  o f  t h e  
s t r a i g h t  l i n e  f i t .
C o v a r i a n c e  t e s t s  o f  t h e  s i g n i f i c a n c e  o f  t h e
d i f f e r e n c e s  b e t w e e n  s l o p e s  o f  t h e  r e g r e s s i o n  l i n e s  i n  e ac h  o f  
t h e  f o u r  s e c t i o n s  o f  F i g s  1 and 2 showed t h e r e  w e r e  h i g h l y  
s i g n i f i c a n t  di  f f e r e n c e s  ( p < . 0 0 1 )  i n  a l l  c a s e s .  F o r  r o o t  
l e n g t h  ( F i g  2b )  s e e d l i n g s  g rown  i n  k i n e t i n  showed a s i g n i f ­
i c a n t l y  l o w e r  g r o w t h  r a t e  ( i . e .  t h e  r e g r e s s i o n  l i n e  f o r
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k i n e t i n  had a l o w e r  s l o p e )  t h a n  t h o s e  f o r  o t h e r  s e e d l i n g s  
( d i f f e r e n c e s  t e s t e d  w i t h  t h e  s i m u l t a n e o u s  t e s t  p r o c e o u r e  w i t h  
P - . 0 5 . “  So k a l  and R o h l f .  1969) .  . Roo t s  o f  k i n e t i n  t r e a t e d  
s e e d l i n g s  w e r e  much t h i c k e r  t h a n  t h o s e  i n  o t h e r  t r e a t m e n t s  as 
we 11 as s h o r t e r *  T h i s  s u g g e s t s  k i n e t i n  i n d u c e d  much c e l l  
d i v i s i o n  i n  r o o t s  a t  t h e  e x p e n s e  o f  c e l l  e l o n g a t i o n .  A e r ­
a t i o n  s i g n i f i c a n t l y  i n c r e a s e d  t h e  r a t e  o f  r o o t  l e n g t h  g r o w t h  
when c o m p a r e d  t o  o t h e r  t r e a t m e n t s .  O t h e r  t r e a t m e n t s  had no 
s i g n i f i c a n t  e f f e c t s .
R a t e  o f  s h o o t  e l o n g a t i o n  was s i g n i f i c a n t l y  l o w e r  i n  
k i n e t i n  t r e a t e d  s e e d l i n g s  t h a n  i n  s e e d l i n g s  w i t h  o t h e r  
t r e a t m e n t s  ( F i g  2 a ) .  The o t h e r  t r e a t m e n t s  d i d  n o t  d i f f e r  
s i g n i f i c a n t l y  f r o m  one  a n o t h e r .  No t e s t s  we re  made t o  
d e t e r m i n e  i f  t h i s  k i n e t i n  e f f e c t  was due t o  i n c r e a s e d  c e l l  
d i v i s i o n  as a r e s u l t  o f  k i n e t i n  t r a n s p o r t  f r o m  r o o t  t o  s h o o t  
o r  was a r e s u l t  o f  t h e  n a t u r a l  t e n d e n c y  f o r  r o o t  and s h o o t  
g r o w t h  t o  c o r r e l a t e  b e c a u s e  o f  t h e i r  i n t e r d e p e n d e n c e  ( P r i c e  
1 9 7 0 ) .
K i n e t i n  s i g n i f i c a n t l y  r e d u c e d  t h e  r a t e  o f  r o o t  and 
s h o o t  f r e s h  w e i g h t  g r o w t h  ( F i g  1 ) .  B u t  b e c a u s e  t h e s e  s e e d ­
l i n g s  had t h i c k e r  a n d / o r  s h o r t e r  s h o o t s  and r o o t s  t h a n  t h o s e  
w i t h  o t h e r  t r e a t m e n t s ,  t h e  e f f e c t  on w e i g h t  was n o t  as  marked  
as t h a t  on  l e n g t h .  The o t h e r  t r e a t m e n t s  had no s i g n i f i c a n t  
e f f e c t s  on  r a t e  o f  r o o t  o r  s h o o t  f r e s h  w e i g h t  g r o w t h .
E f f e c t s  on  m e t a l  u p t a k e  by r o o t s  and  t r a n s f e r  t o  s h o o t s
F i g s  3 - 1 0  show t h e  r e l a t i o n  b e t w e e n  t h e  r a t e s  a t  
w h i c h  m e t a l s  moved t o  s h o o t s  o r  we re  t a k e n  up by  r o o t s  and 
t h e  r a t e  a t  w h i c h  f r e s h  w e i g h t  c h a n g e d  o v e r  e a c h  t i m e  p e r i o d .  
D a t a  f o r  a l l  t h r e e  m e as u r e me n t  p e r i o d s  a r e  shown i n  each  
F i g u r e .  The r a t e  o f  c ha n ge  o f  f r e s h  w e i g h t  was used  as  t h e  
i n d e p e n d e n t  v a r i a b l e  as I t  seemed r e a s o n a b l e  t o  assume t h a t  
m e t a l s  w o u l d  move t o  s h o o t s  o r  be t a k e n  up by  r o o t s  i n  
r e s p o n s e  t o  new g r o w t h  o v e r  e a ch  p e r i o d .  The r e g r e s s i o n  
c o e f f i c i e n t  ( b ) ,  i n t e r c e p t  ( a ) ,  t h e  p r o p o r t i o n  o f  t h e  
v a r i a n c e  i n  t h e  r a t e  o f  m e t a l  movement  e x p l a i n e d  by  e a c h  
r e g r e s s i o n  (R ) and t h e  s i g n i f i c a n c e  o f  e ac h  r e g r e s s i o n  i s  
a l s o  shown on t h e  F i g u r e s .  W i t h  a few e x c e p t i o n s ,  t h e  
r e g r e s s i o n  e q u a t i o n s  w e r e  h i g h l y  s i g n i f i c a n t  and e x p l a i n e d  
S0% o r  more o f  t h e  v a r i a t i o n  i n  t h e  d e p e n d e n t  v a r i a b l e s .
The e f f e c t s  o f  t h e  t r e a t m e n t s  on  r a t e s  o f  m e t a l  
movement ,  t o  s h o o t s  and u p t a k e  by r o o t s  c an  be j u d g e d  by  t h e  
s l o p e s  o f  t h e s e  r e  1 a t  i o n s h i p s .  The s i g n i f i c a n c e  o f  t h e  
d i f f e r e n c e s  b e t w e e n  s l o p e s  can  be t e s t e d  by  n o r ma l  c o v a r i a n c e  
a n a l y s i s .  . Ho we ve r ,  as d i s c u s s e d  I n  t h e  p r e v i o u s  e x p e r i m e n t ,  
and l a t e r  i n  t h i s  p a p e r ,  t h e  r a t e s  a t  w h i c h  t h e  v a r i o u s  
m e t a l s  move t o  s h o o t s  o r  a r e  t a k e n  up by  r o o t s  may,  a t  l e a s t  
p a r t i a l l y  c o r r e l a t e  w i t h  e ac h  o t h e r  b e c a u s e  s i m i l a r  f a c t o r s  
may,  a t  l e a s t  i n  p a r t ,  c o n t r o l  t h e i r  u p t a k e  o r  t r a n s p o r t  i n  
t h e  s e e d l i n g .  T h i s  means t h a t  an a p p a r e n t  e f f e c t  o f  t h e  
t r e a t m e n t s  on one m e t a l  may r e f l e c t  o n l y  t h e i r  e f f e c t  on  


















































F i g s  3 - 1 0  R a t e s  o f  movement  o f  m e t a l s  t o  s h o o t s  ( F i g s  3 - 6 )  
o r  u p t a k e  by r o o t s  ( F i g s  7 - 1 0 )  as  a f u n c t i o n  o f  
r a t e  o f  c hange  o f  f r e s h  w e i g h t  f o r  s e e d l i n g s  w h i c h  
r e c e i v e d  d l f f e r e n t  t r e a t m e n t s .  A = r e g r e s s i o n  
c o n s t a n t ,  B = r e g r e s s i o n  c o e f f i c i e n t ,  f t * * 2 = p r o p ­
o r t i o n  o f  v a r i a n c e  e x p l a i n e d  by  t h e  r e g r e s s i o n .
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m e t a l  was a t  l e a s t  p a r t i a l l y  c o r r e l a t e d  w i t h  t h e  r a t e  o f  
movement  o f  t h e  s e c o n d .  Normal  u n i v a r i a t e  s t a t i s t i c s  t r e a t  
e a c h  m e t a l  i n d i v i d u a l l y  and t a k e  no a c c o u n t  o f  t h e s e  c o r r ­
e l a t i o n s  ( c o v a r i a n c e s )  b e t w e e n  t h e  v a r i o u s  p a r a m e t e r s  
m e a s u r e d .  M u l t i v a r i a t e  s t a t i s t i c s  s o l v e  t h e s e  d i f f i c u l t i e s  
by t a k i n g  as much a c c o u n t  o f  t h e  p ( p - 1 ) / 2  c o v a r i a n c e s  among 
t h e  p v a r i a b l e s  m e a s u r e d  as o f  t h e  p v a r i a n c e s  w h i c h  a r e  
i n d i v i d u a l l y  e x a m i n e d  by u n i v a r i a t e  t e c h n i q u e s .  C o o l e y  and 
Lohnes  ( 1 9 7 1 )  and Hope ( 1 9 6 0 )  p r o v i d e  u s e f u l  i n t r o d u c t i o n s  t o  
t h e s e  t e c h n i q u e s .
Mu 11 i v a r i a t e  a n a l y s i s  o f  c o v a r i a n c e  w o r k s  I n  much 
t h e  same way as  u n i v a r i a t e  c o v a r i a n c e  e x c e p t  t h a t  a p x p 
m a t r i x  o f  sums o f  s q u a r e s  and c r o s s  p r o d u c t s  b e t w e e n  t h e  p 
v a r i a b l e s  me as u r e d  r e p l a c e s  t h e  p i n d i v i d u a l  sums o f  s q u a r e s  
f o u n d  i n  u n i v a r i a t e  a n a l y s i s .  One m a t r i x  i s  e s t i m a t e d  f o r  
e a c h  s o u r c e  o f  v a r i a t i o n  ( among ,  w i t h i n  and  t o t a l )  and t h e  
d e t e r m i n a n t s  o f  t h e s e  m a t r i c e s  a r e  used  as  m u l t i v a r i a t e  
m e a s u r e s  o f  v a r i a n c e  f o r  s i g n i f i c a n c e  t e s t s  i n  a v e r y  s i m i l a r  
way t o  t h e  use o f  v a r i a n c e  i n  u n i v a r i a t e  t e s t s .  W i t h  m u l t i ­
v a r i a t e  t e c h n i q u e s ,  t h e  c a l c u l a t i o n s  a r e  g e n e r a l l y  so 
a r d u o u s ,  t h a t  use o f  a c o m p u t e r  i s  e s s e n t i a l .  C o o l e y  and 
L o h n e s  ( 1 9 7 1 )  p r o v i d e  a u s e f u l  s e t  o f  p r o g r a m m e s .
The f o u r  v a r i a t e s  m e a s u r e d  i n  t h i s  e x p e r i m e n t  we re  
t h e  r a t e s  o f  movement  o f  t h e  f o u r  m e t a l s  t o  s h o o t s  o r  t h e  
r a t e s  o f  u p t a k e  o f  t h e  f o u r  m e t a l s  by  r o o t s .  S e p a r a t e  
a n a l y s e s  we re  done f o r  r o o t  and s h o o t  d a t a .  The m u l t i v a r i a t e  
t e s t  o f  t h e  s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e s  b e t w e e n  s l o p e s  o f
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r e g r e s s i o n  l i n e s  was s i g n i f i c a n t  f o r  s h o o t s  ( p < . 0 1 ,  d a t a  f r o m  
F i g s  3 - 6 )  and r o o t s  ( p < . 0 5 ,  d a t a  f r o m  F i g s  7 - 1 0 ) .  T h a t  i s  t o  
s a y ,  t h e r e  was e v i d e n c e  t h a t  t h e r e  w e r e  e f f e c t s  o f  a t  l e a s t  
some o f  t h e  t r e a t m e n t s  on r a t e s  o f  u p t a k e  o r  t r a n s p o r t  o f  a t  
l e a s t  some o f  t h e  m e t a l s .
As w i t h  u n i v a r i a t e  a n a l y s e s ,  a s e c o n d  s t e p  mus t  now 
be t a k e n  ( t h e  '  a_ p o s t e r  i o r  i '  t e s t )  t o  d e t e r m i n e  w h i c h  
t r e a t m e n t s  a c t u a l l y  had e f f e c t s .  W i t h  t h e  m u l t i v a r i a t e  
a n a l y s e s ,  a n o t h e r  s t e p  mus t  be t a k e n  t o  d e t e r m i n e  w h i c h  o f  
t h e  m e a s u r e d  p a r a m e t e r s  we re  a f f e c t e d  by  w h i c h  o f  t h e  
t r e a t m e n t s .  . D i s c r I  m i n a n t  a n a l y s i s  p e r f o r m s  t h e s e  t e s t s  by 
f i n d i n g  s e v e r a l  ( i n  f a c t  p ,  o r  i f  g ( t h e  number  c f  
t r e a t m e n t s )  i s  l e s s  t h a n ,  o r  e q u a l  t o  p,  t h e n  g - 1 ) 
' d i s c r i m i n a n t  f u n c t i o n s ' ,  each  i n d e p e n d e n t  ( o r t h o g o n a l )  o f  
e ac h  o t h e r .  From t h e s e  f u n c t i o n s  c an  be d e d u c e d ,  as w i l l  be 
d e s c r i b e d  b e l o w ,  w h i c h  t r e a t m e n t s  a f f e c t e c  w h i c h  o f  t h e  
p a r a m e t e r s  m e a s u r e d .
I n  b o t h  t h e  a n a l y s e s  h e r e ,  o n l y  one d i s c r i m i n a n t  
f u n c t i o n  was s i g n i f i c a n t  ( p < . 0 5  a t  l e a s t ) .  T a b l e  1 shows t h e  
c o r r e l a t i o n  c o e f f i c i e n t s  r e l a t i n g  t h e  d a t a  ( t r a n s f o r m e d  by 
t h e  d i s c r i m i n a n t  a n a l y s i s )  f o r  e ac h  m e t a l  t o  t h e  d i s c r i m i n a n t  
f u n c t i o n s .  I f  t h e  c o r r e l a t i o n  c o e f f i c i e n t  f o r  any  p a r a m e t e r  
i s  h i g h ,  I t  s u g g e s t s  t h a t  t h e r e  w e r e  e f f e c t s  o f  t r e a t m e n t s  on 
t h a t  p a r a m e t e r .  The p e r c e n t  t r a c e  shown i n  t h e  t a b l e  shov/s 
t h e  p r o p o r t i o n  o f  t h e  d i s c r i m i n a t i n g  i n f o r m a t i o n  a v a i l a b l e  i n  
t h e  d a t a  t h a t  was e x t r a c t e d  by  t h a t  d i s c r i m i n a n t  f u n c t i o n .  
C l e a r l y ,  b o t h  o f  t h e  f u n c t i o n s  e x t r a c t e d  h e r e  c o n t a i n e d  t h e
b u l k  o f  t h e  d i s c r i m i n a t i n g  i n f o r m a t i o n  a v a i l a b l e .
The r e s u l t s  o f  T a b l e  1 s u g g e s t  t h a t  i n  s h o o t s ,  
t r e a t m e n t s  a f f e c t e d  t h e  r a t e  o f  movement  o f  Cu and  Mn,  b o t h  
o f  w h i c h  c o r r e l a t e d  m o d e r a t e l y  t o  h i g h l y  w i t h  t h e  
d i s c r i m i n a n t  f u n c t i o n .  I t  a p p e a r s  t h e r e  we re  no s i g n i f i c a n t  
e f f e c t s  o f  t r e a t m e n t s  on r a t e  o f  movement  o f  Zn o r  Fe t o  
s h o o t s .  I n  r o o t s ,  t h e  m a j o r  e f f e c t s  o f  t r e a t m e n t s  a p p e a r s  t o  
have  been  o n l y  on  r a t e  o f  u p t a k e  o f  Zn by r o o t s ,  and  r a t e  o f  
u p t a k e  o f  Cu,  Fin o r  Fe was l i t t l e  a f f e c t e d .
T a b l e  1 C o r r e l a t i o n  c o e f f i c i e n t s  ( f a c t o r  p a t t e r n )  
b e t w e e n  p a r a m e t e r s  m e a s u r e d  and t h e  s i g n i f i c a n t  
d i s c r i m i  n a n t  f u n c t i o n s  d e t e r m i n e d  i n  t h e  two  a n a l ­
y s e s  p e r f o r m e d  h e r e .  R a t e s  o f  m e t a l  movement  
m e a s u r e d  as  yug m e ta l  p e r  s e e d l  l ng p e r  d a y ,  i n de -  
p e n d e n t  o f  e f f e c t s  o f  r a t e  o f  f r e s h  w e i g h t  c h a n g e .
S h o o t s R o o t s
P e r c e n t  t r a c e 7 9 . 61 •
Cu . 7 2 . 4 4
Zn
M e t a l
. 1 3 . 8 2
Mn . 7 6 . 6 0
Fe . 1 5  . . 4 0
F i g s  11 and 12 show t h e  s l o p e s  o f  t h e  r e g r e s s i o n  
1 i n e s  ( a d j u s t e d  by t h e  w e i g h t i n g s  g i v e n  t hem b y  t h e  f i r s t  
d i s c r i m i n a n t  f u n c t i o n ) ,  r e l a t i v e  t o  t h e  c o n t r o l ,  f o r  seed­
l i n g s  r e c e i v i n g  d i f f e r e n t  t r e a t m e n t s .  As d i s c u s s e d  a b o v e ,  
F i g  11 r e p r e s e n t s  t h e  e f f e c t s  o f  t r e a t m e n t s  on  t h e  r a t e s  o f  
Cu and Mn movement  t o  s h o o t s ,  w h i l e  F i g  12 r e p r e s e n t s  t h e  
e f f e c t s  on  r a t e s  o f  Zn u p t a k e  by  r o o t s .  A 95% c o n f i d e n c e
1 lj b
i n t e r v a l  was e s t i m a t e d  t o  I n d i c a t e  w h i c h  t r e a t m e n t s  had s i g ­
n i f i c a n t  e f f e c t s .  T h i s  i n t e r v a l  was f o r m e d  by  p o o l i n g  t h e  
v a r i a n c e s  o f  t h e  r e s u l t s  f o r  e a c h  i n d i v i d u a l  t r e a t m e n t  
( v a r i a n c e s  we r e  f o u n d  u s i n g  t h e  p rogramme o f  C o o l e y  and 
L o h n es  ( 1 9 6 2 )  and w e r e  f o u n d  t o  be s u f f i c i e n t l y  homogeneous  
t o  a l l o w  p o o l i n g )  t o  f o r m  t h e  e q u i v a l e n t  o f  a l e a s t  s i g n i f ­
i c a n t  d i  f f e r e n c e  i n  u n i v a r i a t e  a n a l y s i s  o f  v a r i a n c e .  T h u s ,  
a l l  t h e  d a t a  o f  f i g s  3 - 1 0  have  been r e d u c e d  t o  t h o s e  o f  
F i g s  11 and 12 by t h e  m u l t i v a r i a t e  a n a l y s i s .
P* .05
C ontrolC ontro l
P = .05p * .0 5
F i g  11 ( l e f t )  and F i g  12 ( R i g h t )  E f f e c t s  o f  t r e a t m e n t s  
r e l a t i v e  t o  c o n t r o l  on r a t e s  o f  Cu and Mn movement  
t o  s h o o t s  ( F i g  11)  and r a t e  o f  Zn u p t a k e  by  r o o t s  
( F i g  12)  as d e t e r m i n e d  by  d i s c r i m i n a n t  a n a l y s i s .
The s c o r e s  shown a r e  a r b i t r a r y  u n i t s  d e t e r m i n e d  by 
t h e  c o n v e r s i o n s  o f  t h e  a n a l y s e s  and a r e  f o r  t h e  
f i r s t  d i s c r i m i n a n t  f u n c t i o n  o n l y  I n  e a c h  a n a l y s i s .
The c o n f i d e n c e  l i m i t  ( p = . 0 5 )  a b o u t  t h e  c o n t r o l  i s  
shown.
The r e s u l t s  o f  F i g  11 s u g g e s t  t h a t  t h e  r a t e  o f  Cu 
and Mn movement  t o  s h o o t s  was r e d u c e d  i n  a e r a t e d  s e e d l i n g s .  
H o w e v e r ,  F i g  5 shows t h a t  t h e r e  was no s i g n i f i c a n t  r e l a t i o n  
b e t w e e n  r a t e  o f  Mn movement  t o  s h o o t s  and r a t e  o f  c h a n ge  o f  
f r e s h  w e i g h t  -  t h e  r e a s o n  f o r  t h i s  was n o t  a p p a r e n t .  F i g  3
s h o ws  t h a t  t h e  s l o p e s  o f  t h e  l i n e s  r e l a t i n g  r a t e  o f  Cu move­
me n t  t o  s h o o t s  f o r  c o n t r o l  a n d  a e r a t e d  s e e d l i n g s  we r e  
v i r t u a l l y  i d e n t i c a l .  ,The a p p a r e n t  e f f e c t  o f  a e r a t i o n  on Cu 
a n d  Mn movement  wa s ,  t h e n ,  p r o b a b l y  a n  a r t e f a c t  due  
p r i n c i p a l l y  t o  t h e  n o n - s i g n i f i c a n c e  o f  t h e  r e g r e s s i o n  f o r  Mn. 
Fi g 11 d o e s  i n d i c a t e ,  h o w e v e r ,  t h a t  IAA,  GA a n d  A8A a l l  s i g ­
n i f i c a n t l y  i n c r e a s e d  t h e  r a t e  o f  movement  o f  Cu a n d  Mn t c  
s h o o t s  a n d  k i n e t i n  had  no e f f e c t .
I n  r o o t s  ( F i g  12) t h e  o n l y  s u b s t a n t i a l  e f f e c t  was  
on  r a t e  o f  Zn u p t a k e  w h e r e  a e r a t i o n ,  IAA a n d  GA a p p e a r e d  t o  
r e d u c e  u p t a k e .  F i g  8 s hows  t h a t  t h e  r e g r e s s i o n  r e l a t i n g  r a t e  
o f  Zn u p t a k e  and  r a t e  o f  c h a n g e  o f  r o o t  f r e s h  w e i g h t  f o r  
s e e d l i n g s  t r e a t e d  w i t h  GA was  n o t  s i g n i f i c a n t  -  t h e  r e a s o n  
f o r  t h i s  was  n o t  c l e a r *  T h i s . s u g g e s t s  t h a t  o n l y  a e r a t i o n  and  
IAA had r e a l  e f f e c t s  on  Zn u p t a k e .  . .
R e l a t i o n  b e t w e e n  r a t e s  o f  u p t a k e  a n d  t r a n s p o r t  o f  m e t a l s
As d i s c u s s e d  a b o v e ,  c e r t a i n  t r e a t m e n t s  ha d  e f f e c t s  
on  r a t e s  o f  u p t a k e  by r o o t s  and  movement  t o  s h o o t s  o f  c e r t a i n  
m e t a l s .  At  t h e  same t i m e ,  t h e  r a t e s  o f  u p t a k e  o r  movement  o f  
a n y  o f  t h e s e  m e t a l s  may c o r r e l a t e ,  a t  l e a s t  p a r t i a l l y ,  w i t h  
r a t e s  o f  u p t a k e  o r  movement  o f  t h e  o t h e r  m e t a l s  i f  t h e i r  
u p t a k e  m e c h a n i s m s  a r e  r e l a t e d .
The v a r i a t i o n  i n  t h e  d a t a ,  a s  a r e s u l t  o f  t r e a t m e n t  
e f f e c t s ,  p r o v i d e d  an o p p o r t u n i t y  t o  t e s t  w h e t h e r  t h e  r a t e s  o f  
u p t a k e  and  movement  o f  t h e  d i f f e r e n t  m e t a l s  w e r e  r e l a t e d .  To
remove  e f f e c t s  o f  g r o w t h ,  r a t e s  o f  m e t a l  u p t a k e  by r o o t s  o r  
t r a n s p o r t  t o  s h o o t s  were  e x p r e s s e d  p e r  u n i t  r a t e  o f  c h a n g e  o f  
f r e s h  w e i g h t  o f  r o o t s  o r  s h o o t s  r e s p e c t i v e l y .  The c o r r ­
e l a t i o n  m a t r i x  r e l a t i n g  r a t e s  o f  u p t a k e  o f  t h e  v a r i o u s  m e t a l s  
by  r o o t s  and r a t e  o f  t r a n s p o r t  t o  s h o o t s  f o r  d a t a  f r o m  a l l  
t r e a t m e n t s  and o v e r  a l l  t i m e  p e r i o d s  i s  shown i n  T a b l e  2 .
T a b l e  2 C o r r e l a t i o n  c o e f f i c i e n t s  b e t w e e n  r a t e s  o f  
m e t a l  u p t a k e  by r o o t s  and  t r a n s p o r t  t o  s h o o t s  (yug 
m e t a l  p e r  s e e d l i n g  p e r  d a y )  p e r  u n i t  r a t e  o f  
c h an g e  o f  f r e s h  w e i g h t  ( g  p e r  s e e d l i n g  p e r  d a y ) .
Movement  t o  s h o o t s  U p t a k e  by  r o o t s
Cu Zn Mn Fe Cu Zn Mn Fe
Cu 1 . 0 0  . 6 1 * . 64 * . 6 9 * . 7 3 * . 3 9 - . 0 2 . 1 1
Zn 1 . 0 0 . 6 1 * . 4 4 * . 66* . 7 6 * . 3 7 . 3 3
S h o o t s
Mn 1 . 0 0 .31 . 5 8 * . 4 7 * . 3 2 . 2 0
Fe 1 . 0 0 . 4 0 . 1 0 - .  22 - .  1 1
Cu 1 . 0 0 . 7 7 * . 4 7 * . 4 9 *
Zn 1 . 0 0 . 7 1 * . 5 6 *
R o o t s
Mn 1 . 0 0 .  . 7 0 *
Fe 1 . 0 0 .
*  S i g n i f i c a n t  w i t h  p< . 01  a t  l e a s t
T h e r e  w e r e  s i g n i f i c a n t ,  b u t  o n l y  m o d e r a t e ,  c o r r ­
e l a t i o n s  b e t w e e n  r a t e s  o f  u p t a k e  o f  a l l  f o u r  m e t a l s  by  r o o t s  
and a l s o  b e t w e e n  r a t e s  o f  t r a n s p o r t  t o  s h o o t s  ( e x c e p t  f o r  
r a t e s  o f  Fe and Mn movement  t o  s h o o t s ) .  R a t e s  o f  Cu and Zn 
u p t a k e  by r o o t s  c o r r e l a t e d  s i g n i f i c a n t l y  w i t h  r a t e s  o f  t r a n s ­
p o r t  o f  one o r  more m e t a l s  t o  s h o o t s ,  b u t  i n  g e n e r a l ,  r a t e s  
o f  u p t a k e  o f  m e t a l s  by r o o t s  w e r e  l i t t l e  c o r r e l a t e d  w i t h
r a t e s  o f  t r a n s p o r t  t o  s h o o t s .
DISCUSSION 
G r o w t h  e f f e c t s
K i n e t i n  was t h e  o n l y  ho r mone  t h a t ,  s i g n i f i c a n t  1 y 
a f f e c t e d  g r o w t h  r a t e s  o f  s e e d l i n g s  d u r i n g  t h e  e x p e r i m e n t .  
T h i s  was p r o b a b l y  due t o  i n c r e a s e d  c e l l  d i v i s i o n  a t  t h e  
e x p e n s e  o f  c e l l  e n l a r g e m e n t  w h i c h  p r o d u c e d  s h o r t e r  and 
t h i c k e r  r o o t s  and s h o o t s .  T h i s  i s  t h e  g e n e r a l  g r o w t h  
r e s p o n s e  o f  p l a n t s  t o  c y t o k i n i n s  ( H u b e r  and S a n k l a  197^ ,
P r i c e  1 9 7 0 ) .  The o t h e r  h o r mones  had no s i g n i f i c a n t  e f f e c t s
on  g r o w t h  r a t e s .  G r o w th  r e s p o n s e s  t o  GA and  IAA a r e  known t o  
v a r y  w i d e l y  d e p e n d i n g  on a number  o f  f a c t o r s ,
e . g .  c o n c e n t r a t i o n  o f  h o r mone ,  age o f  t i s s u e ,  t y p e  o f  t i s s u e ,  
t e m p e r a t u r e ,  l i g h t  a v a i l a b i l i t y ;  s o m e t I m e s . g r o w t h  p r o m o t i o n  
o c c u r s  and  s o m e t i m e s  i n h i b i t i o n  ( P r i c e  1970 ,  P a l e g  1965 ,
S t r a f f o r d  1 9 6 5 ) .  ABA g e n e r a l l y  i n h I b I t s  g r o w t h  o f  s t e m s  and 
r o o t s  ( A d d i c o t t  and Ly on  1969)  b u t  no s u c h  e f f e c t  was 
o b s e r v e d  h e r e .  The c o n c e n t r a t i o n s  o f  g r o w t h  s u b s t a n c e s  used  
h e r e  w e r e  c h o s e n  r e l a t i v e l y  a r b i t r a r i l y  b u t  o t h e r  w o r k  has 
shown t h e s e  l e v e l s  t o  be g e n e r a l l y  a c t i v e  i n  a f f e c t i n g  g r o w t h  
( J e n k i n s  1971 ,  P r i c e  1 9 7 0 ) .  No t e s t s  w e r e  c o n d u c t e d  t o
d e t e r m i n e  I f  t h e  ho r mones  r e t a i n e d  t h e i r  a c t i v i t y  t h r o u g h o u t  
e a c h  f o r t n i g h t l y  p e r i o d  b e t w e e n  t h e  c h a n g e  o f  n u t r i e n t  s o l u t ­
i o n s  n o r  t o  d e t e r m i n e  i f  t h e y  w e r e  a c t u a l l y  t a k e n  up by  t h e  
s e e d l i n g s .  S i n c e  t h e r e  w e r e  c o n s i s t e n t  e f f e c t s  o f  t h e  g r o w t h  
s u b s t a n c e s  on s p e c i f i c  p l a n t  n u t r i e n t s ,  I t  seems l i k e l y  t h e y
w e r e  a c t i v e  f o r  a t  l e a s t  t h e  b u l k  o f  e a c h  p e r i o d  and mus t  
have  been  a b s o r b e d  by r o o t s .  The l a c k  o f  e f f e c t s  o f  I A A ,  GA 
and ASA on g r o w t h  r a t e s  may t h e n  be due t o  c h a n c e  
c o m b i n a t i o n s  o f  p l a n t  and e n v i r o n m e n t a l  c o n d i t i o n s  u n d e r  
w h i c h  t h e s e  s u b s t a n c e s  we re  n o t  a c t i v e  i n  a f f e c t i n g  g r o w t h  
r a t e s .  A u x i n ,  g l b b e r e l l i n ,  c y t o k i n l n  and a b s c i s l c  a c i d  
a c t i v i t i e s  h av e  been  i d e n t i f i e d  i n  P.  r a d i a t a  ( J e n k i n s  1971 ,  
S h e p h e r d  1965)  b u t  l i t t l e  w o rk  seems t o  hav e  been  done  t o  
d e t e r m i n e  t h e  s p e c i f i c  e f f e c t s  o f  t h e s e  g r o w t h  s u b s t a n c e s  on 
g r o w t h  o f  t h i s  s p e c i e s .
A e r a t i o n  i n c r e a s e d  t h e  r a t e  o f  e l o n g a t i o n  o f  r o o t s  
b u t  had no e f f e c t  on e l o n g a t i o n  o f  s h o o t s  o r  w e i g h t  o f  s h o o t s  
o r  r o o t s .  . T h i s  r e s u l t  a g r e e s  w i t h  t h o s e  o f  Z I n k a n  e t  a l  
( 1 9 7 4 )  who s t u d i e d  t h e  e f f e c t s  o f  o x y g e n a t i o n  o f  t h e  n u t r i e n t  
s o l u t i o n  on g r o w t h  o f  s e e d l i n g s  o f  j a c k  p i n e ,  b l a c k  s p r u c e  
and  w h i t e  s p r u c e .  They  f o u n d  t h a t  l e s s  t h a n  2ppm 0 2 . i n  s o l ­
u t i o n  r e d u c e a  w e i g h t  and  l e n g t h  o f  r o o t s  and s h o o t s ,  b u t  w i t h  
3 *3ppm 02 , o n l y  l e n g t h  o f  r o o t s  was r e d u c e d .  T h i s  s u g g e s t s  
t h a t  r o o t  e l o n g a t i o n  i s  more,  s e n s ! t I v e  t o  0 2 l e v e l  t h a n  s h o o t  
e l o n g a t i o n  o r  r o o t  o r  s h o o t  w e i g h t .  The 0 2 l e v e l s  I n  n o n -  
a e r a t e d  s o l u t i o n s  i n  t h i s  e x p e r i m e n t  m u s t - h a v e  been  a d e q u a t e  
f o r  maximum s h o o t  e x t e n s I  on .and s h o o t  and r o o t  w e i g h t  g r o w t h  
b u t  l e s s  t h a n  a d e q u a t e  f o r  maximum . r o o t  e x t e n s i o n .  The 
r e a s o n s  f o r  d i f f e r e n t i a l  l e n g t h  and w e i g h t  g r o w t h  r e s p o n s e
a r e  n o t  known.
E f f e c t s  o f  g r o w t h  s u b s t a n c e s  on m e t a l  u p t a k e  and t r a n s p o r t
R a t e  o f  u p t a k e  o f  Zn by  r o o t s  was r e d u c e d  by 
a p p l i c a t i o n  o f  JAA i n  t h e  n u t r i e n t  s o l u t i o n .  R o o t  u p t a k e  o f  
I h e  o t h e r  m e t a l s  was n o t  a f f e c t e d .  T h i s  r e s u l t  e x p a n d s  on 
t h e  o u t s t a n d i n g  w o r k  o f  Skoog ( 1 9 4 0 ) .  He f o u n d  t h a t  i n  t h e  
e a r l y  s t a g e s  o f  Zn d e f i c i e n c y  i n  t o m a t o ,  s u n f l o w e r ,  c o r n ,  
a l f a l f a  and a p r i c o t ,  b e f o r e  g r o w t h  d e c l i n e d ,  t h e r e  was a 
marked  r e d u c t i o n  i n  a u x i n  l e v e l  ( a s  m e a s u r e d  by  t h e  Avena
c u r v a t u r e  t e s t )  I n  a l l  p a r t s  o f  t h e  p l a n t .  He showed t h a t
t h e  Zn d e f i c i e n t  t i s s u e  had s t r o n g e r  o x i d i s i n g  p r o p e r t i e s  
t h a n  n o r m a l  t i s s u e  and i n a c t i v a t e d  a p p l i e d  I AA .  As w e l l  t h e  
r e l i e f  o f  Zn d e f i c i e n c y  s t i m u l a t e d  t h e  s y n t h e s i s  o f  a u x i n .  
Skoog was u n a b l e  t o  e x p l a i n  h i s  r e s u l t s  b i o c h e m i c a l l y .  
S u b s e q u e n t l y  i t  h a s  b e e n  shown ( H e w i t t  1963 ,  Nason e t  a l  
1952)  t h a t  n o t  o n l y  i s  Zn a c o - f a c t o r  t o  t r y p t o p h a n
s y n t h e t a s e  ( t r y p t o p h a n  i s  a p r e c u r s o r  I n  IAA s y n t h e s i s
( Hu gh e s  and G e n e s t  1 9 7 3 ,  B r a d y  1 9 7 3 ) )  b u t  a l s o  t h a t  Zn d e f i c ­
i e n c y  i n c r e a s e s  t h e  a c t i v i t y  o f  a u x i n  o x i d a s e  o r  p e r o x i d a s e
w h i c h  d e g r a d e  IAA ( H a r b o r n e  1 9 7 3 ) .  These  o b s e r v a t i o n s  
e x p l a i n  t h e  e f f e c t s  o f  Zn d e f i c i e n t  t i s s u e  on IAA l e v e l s  t h a t  
Skoog  r e c o g n i s e d ,  b u t  was u n a b l e  t o  e x p l a i n .
S k o o g ' s  w o r k  and t h e  r e s u l t  r e p o r t e d  i n  t h i s  
e x p e r i m e n t ,  t h a t  a p p l i e d  IAA r e d u c e d  Zn u p t a k e  by  r o o t s  
s u g g e s t  t h e r e  i s  an  i n t e g r a t e d  c o n t r o l  m ec h a n i s m  f o r  Zn n u t ­
r i t i o n .  The p l a n t  r e s p o n d s  t o  Zn d e f i c i e n c y  by  r e d u c e d  IAA 
s y n t h e s i s  and i n c r e a s e d  IAA d e g r a d a t i o n .  The d e c r e a s e d  IAA 
l e v e l  i n  t h e  p l a n t  t h e n  has two e f f e c t s .  F i r s t ,  IAA
i n h i b i t i o n  o f  Zn u p t a k e  by  r o o t s  i s  d e c r e a s e d  so  t h e  r o o t  has  
t h e  maximum c h a n c e  o f  t a k i n g  up a n y  Zn a v a i l a b l e  i n  t h e  
e x t e r n a l  medium.  S e c o n d l y ,  I AA  i n d u c e d  g r o w t h  i s  r e d u c e d  so 
t h a t  t h e  p l a n t  does  n o t  g r ow v i g o r o u s l y  when an e s s e n t i a l  
n u t r i e n t  i s  u n a v a i l a b l e .
Skoog showed t h a t  Cu and Mn d e f i c i e n c y  d i d  n o t  
a f f e c t  a u x i n  l e v e l s  i n  t h e  p l a n t  u n t i l  w e l l  a f t e r  g r o w t h  had 
d e c l i n e d .  T h i s  s u g g e s t e d  t h a t . t h e  e f f e c t s  o f  t h e s e  m e t a l s  on 
a u x i n  was s e c o n d a r y  and d i d  n o t  o c c u r  u n t i l  a f t e r  t h e  i n i t i a l  
l e s i o n s  due  t o  m e t a l  d e f i c i e n c y  had r e d u c e d  g r o w t h  and t h e  
o v e r a l l  m e t a b o l i s m  o f  t h e  p l a n t  had been  s e v e r e l y  d i s r u p t e d .  
Mo e f f e c t s  o f  a p p l i e d  IAA ( o r  o t h e r  h o r m on es )  on  u p t a k e  o f  
Cu,  Mn ( a n d  Fe)  we re  o b s e r v e d  I n  t h i s . e x p e r I m e n t , s u g g e s t i n g  
t h a t  n e i t h e r  a u x i n  ( n o r  o t h e r  h o r m o n e s )  c o n t r o l  t h e i r  u p t a k e s  
by  r o o t s ,  a t  l e a s t  u n d e r  t h e  c o n d i t i o n s  o f  t h i s  e x p e r i m e n t .
F u r t h e r wo rk  ,1s n e c e s s a r y t o e l u c i d a t e t h e
m e chan i s m  by w h i c h IAA I n h i b i t s Zn u p t a k e by r o o t s  and t o
v e r i f y  t h a t  a l l  t h e  e f f e c t s  on  Zn and  a u x i n  I m p l i e d  by  t h i s  
h y p o t h e s i s  f o r  Zn c o n t r o l  c a n  be o b s e r v e d  i n  t h e  one  s p e c i e s .
R a t e  o f  Zn u p t a k e  by r o o t s  was a l s o  r e d u c e d  by  a e r ­
a t i o n  o f  t h e  n u t r i e n t  s o l u t i o n .  Skoog ( 1 9 4 0 ) ,  I n  p a s s i n g ,  
m e n t i o n s  t h a t  Zn d e f i c i e n c y  symptoms  i n  s u n f l o w e r  became 
e x t r e m e  o n l y  i n  a e r a t e d  s o l u t i o n s .  Z i n k a n  e t  a l  ( 1 9 7 4 )  
showed t h a t  f o l i a r  M and K l e v e l s  w e r e  r e d u c e d  by  l ow 0 2 i n  
t h e  n u t r i e n t  s o l u t i o n  w h i l e  Mg, Ca and Fe l e v e l s  i n c r e a s e d .  
I t  i s  n o t  c l e a r  how t h e s e  e f f e c t s  o c c u r .
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R a t e s  o f  Cu and  Mn t r a n s p o r t  t o  s h o o t s  we re  
i n c r e a s e d  by a d d i t i o n s  o f  I AA ,  GA and ABA t o  t h e  n u t r i e n t  
s o l u t i o n .  T h i s  s u g g e s t s  t h e r e  may be h o r m o n a l  c o n t r o l  o f  t h e  
d i s t r i b u t i o n  o f  t h e s e  e l e m e n t s  i n  t h e  p l a n t .  These  t h r e e  
s u b s t a n c e s  a r e  known t o  i n t e r a c t  v e r y  s t r o n g l y  w i t h  e a c h  
o t h e r  i n  c o n t r o l  o f  g r o w t h  p r o c e s s e s  ( A d d i c o t t  and L y o n  1969 ,  
P a l e g  196 5 ,  A d d i c o t t  1972)  and i f  a l l  t h r e e  w e r e  i n v o l v e d  i n  
c o n t r o l  o f  Cu and Mn t r a n s p o r t  i n  p l a n t s ,  t h e  i n t e r a c t i o n  and 
b a l a n c e  b e t w e e n  them may be v e r y  c o m p l e x .  F u r t h e r  wo rk  i s  
n e c e s s a r y  t o  e x p a n d  on t h e s e  o b s e r v a t i o n s .  I n  p a r t i c u l a r ,  
t h e  r e l a t i o n  b e t w e e n  t h e s e  m e t a l s  and e n d o g e n o u s  l e v e l s  o f  
t h e s e  h o r m on es  r e q u i r e s  s t u d y .  The r e l a t i v e l y  a r b i t r a r y  
c h o i c e  o f  c o n c e n t r a t i o n s  o f  a p p l i e d  ho rmones  i n  t h i s  
e x p e r i m e n t  may h av e  l e d  t o  n o n - p h y s i o 1o g i ca  1 c o n c e n t r a t i o n s  
i n  t h e  s e e d l i n g s  and hen ce  a b n o r m a l  e f f e c t s .
No e f f e c t s  o f  h o r mones  on Fe u p t a k e  by r o o t s  o r  
t r a n s p o r t  t o  s h o o t s  w e r e  o b s e r v e d  i n  t h i s  e x p e r i m e n t .  Fe 
n u t r i t i o n  may be c o n t r o l l e d  by o t h e r  means i n  p l a n t s  o r  t h e  
c o n d i t i o n s  o f  t h e  e x p e r i m e n t  may have  been  s u c h  t h a t  no 
e f f e c t s  on  Fe a p p e a r e d .
R e l a t i o n  b e t w e e n  r a t e s  o f  u p t a k e  and t r a n s p o r t  o f  
t h e  f o u r  m e t a l s
The r e l a t i o n  b e t w e e n  t h e  r a t e s  o f  u p t a k e  o f  t h e  
f o u r  m e t a l s  by r o o t s  and t r a n s p o r t  t o  s h o o t s  was s t u d i e d  t o  
compa r e  w i t h  t h e  r e s u l t s  f o u n d  I n  t h e  p r e v i o u s  e x p e r i m e n t .  
The e s s e n t i a l  d i f f e r e n c e  f o u n d  i n  t h i s  e x p e r i m e n t  was t h a t
t h e  r a t e s  o f  u p t a k e  o f  a l l  f o u r  m e t a l s  by  r o o t s  c o r r e l a t e d  
s i g n i f i c a n t l y ,  a l t h o u g h  t h e  c o r r e l a t i o n s  we re  low t o  m o d e r a t e  
( 0 . 4 - 0 . 7 ) .  T h i s  s u g g e s t s  t h a t  t h e  u p t a k e  m ec han i s ms  f o r  
t h e s e  m e t a l s  a r e  a t  l e a s t  r e l a t e d  t o  e ac h  o t h e r .  T h i s  a g r e e s  
w i t h  t h e  c u r e n t  c o n c e p t  o f  common n u t r i e n t  u p t a k e  m ec ha n i s ms  
as d i s c u s s e d  i n  t h e  p r e v i o u s  p a p e r .
The r a t e s  o f  t r a n s p o r t  o f  a l l  f o u r  m e t a l s  t o  s h o o t s  
c o r r e l a t e d  w i t h  ea ch  o t h e r  ( w i t h  t h e  e x c e p t i o n  o f  Fe and Mn) 
a l t h o u g h  much l e s s  s t r o n g l y  t h a n  i n  t h e  p r e v i o u s  e x p e r i m e n t .  
T h i s  i m p l i e s  t h a t  t h e  r e l e a s e  m ec h a n i s m s  f o r  t h e s e  m e t a l s  t o  
t h e  x y l e m  s t r e a m  a r e  a l l i e d .  T h e r e  w e r e  s i g n i f i c a n t  c o r r ­
e l a t i o n s  r e l a t i n g  r a t e s  o f  m e t a l  u p t a k e  by  r o o t s  and t r a n s ­
p o r t  t o  s h o o t s ,  p a r t i c u l a r l y  b e t w e e n  Cu,  Zn and Mn. Some 
s i m i l a r  c o r r e l a t i o n s  w e r e  o b s e r v e d  i n  t h e  p r e v i o u s  
e x p e r i m e n t ,  m a i n l y  w i t h  Mn. I f  u p t a k e  o f  m e t a l s  by t h e  r o o t s  
and r e l e a s e  t o  t h e  x y l e m  s t r e a m  a r e  p h y s i c a l l y  s e p a r a t e  
m ac han i s ms  ( s e e  d i s c u s s i o n  i n  p r e v i o u s  p a p e r ) ,  t h e n  t h e  r a t e s  
o f  u p t a k e  and r e l e a s e  m i g h t  be e x p e c t e d  n o t  t o  c o r r e l a t e ,  
a l t h o u g h  i t  i s  p o s s i b l e  t h a t  u n d e r  s t e a d y  s t a t e  c o n d i t i o n s  
t h e y  may,  f o r t u i t o u s 1y , do s o .  F u r t h e r  w o r k  i s  n e c e s s a r y  t o  
c l a r i f y  t h e  m e a n i n g  o f  t h e s e  r a t h e r  v a r i a b l e  e f f e c t s .
B e caus e  o f  t h e  c o r r e l a t i o n s  w h i c h  e x i s t  b e t w e e n  
r a t e s  o f  u p t a k e  and  t r a n s p o r t  o f  m e t a l s ,  a n y  h o r m o n a l  c o n t r o l  
m e ch an i s m  o f  o n e ,  s u c h  as  d i s c u s s e d  a b o v e ,  may a p p a r e n t l y  
a f f e c t  a n o t h e r  b e c a u s e  t h e i r  u p t a k e  o r  r e l e a s e  m ec han i s ms  a r e  
s i m i l a r  o r  r e l a t e d .  The v a l u e  o f  m u l t i v a r i a t e  t e c h n i q u e s  o f  
a n a l y s i s  t o  a l l o w  f o r  t h e s e  r e  1 a t i o n s h i p s  and i d e n t i f y  a c t u a l
e f f e c t s  f r o m  p s e u d o - e f f e c t s  i s  o b v i o u s
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INTRODUCTION
I n  p r e p a r i n g  t h e  f i v e  p r e c e d i n g  p a p e r s ,  i t  was 
a t t e m p t e d  t o  make each  c o m p l e t e  i n  i t s e l f ,  w i t h  a r o u n d e d  
d i s c u s s i o n ,  b u t  w i t h  min imum r e l i a n c e  o f  one  p a p e r  on t h e  
o t h e r s .  As s u c h ,  a l l  t h e  r e s u l t s  o f  t h e  e x p e r i m e n t a l  wo rk  
h e r e  have  been d i s c u s s e d  i n  d e t a i l  a t  some s t a g e  o f  t h i s  
w o r k .  The a i m o f  t h e s e  c o n c l u s i o n s  i s  n o t  t o  r e p r o d u c e  i n  
summary f o r m  a l l  t h e  d e t a i l s  o f  t h e  r e s u l t s ,  b u t  r a t h e r  t o  
p r e s e n t  an i n t e g r a t e d  d e s c r i p t i o n  o f  t h e  c u r r e n t  c o n c e p t s  o f  
p l a n t  n u t r i t i o n  by  f o l l o w i n g  t h e  p a t h  o f  i n o r g a n i c  n u t r i e n t s  
f r o m  e n t r y  a t  t h e  r o o t  t i l l  u t i l i z a t i o n  i n  t h e  s h o o t s .  Where 
t h e  r e s u l t s  o f  t h i s  s t u d y  have  I m p i n g e d  on  t h i s  p a t h w a y ,  
t h e i r  r e l a t i o n  t o  t h e  o v e r a l l  p l a n t  n u t r i t i o n  p r o c e s s  i s  
e x a m i n e d .
Work i n  p l a n t  n u t r i t i o n ,  as  w i t h  mos t  p l a n t  
s t u d i e s ,  v a r i e s  g r e a t l y  i n  t h e  s p e c i e s  and c o n d i t i o n s  used  by 
d i f f e r e n t  a u t h o r s .  N e i t h e r  h e a v y  m e t a l s  n o r  c o n i f e r s  f e a t u r e  
t o  any  g r e a t  e x t e n t  i n  suc h  s t u d i e s .  So t h i s  r e v i e w  i s  
l i m i t e d  by t h e  g e n e r a l I z a t i o n s  d r a wn  f r o m  w o r k  w i t h  w i d e l y  
d i v e r g e n t  s p e c i e s  and s t u d y  c o n d i t i o n s  w h i c h  have  been
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a p p l i e d  t o  t h e  c u r r e n t  s i t u a t i o n .
T h i s  c o n c l u d i n g  p a p e r  f i r s t  d i s c u s s e s  t h e  g e n e r a l  
p r o b l e m s  o f  e x p e r i m e n t a l  t e c h n i q u e s  e n c o u n t e r e d  i n  t h i s  w o r k .  
Then f o l l o w s  an e x a m i n a t i o n  o f  t h e  p a t h  o f  i o n  t r a n s p o r t  i n  
p l a n t s ,  a d i s c u s s i o n  o f  t h e  m e t a b o l i c  r o l e  o f  h e a v y  m e t a l s  
and f i n a l l y  a d i s c u s s i o n  o f  t h e  p o s s i b l e  r o l e  o f  p l a n t  
h o r mones  i n  i n t e g r a t i n g  c o n t r o l  mec han i s ms  f o r  n u t r i e n t  
u p t a k e  ana d i s p e r s i o n .  Some s m a l l  s c a l e  e x p e r i m e n t a l  w o r k ,  
n o t  p r e v i o u s l y  r e p o r t e d ,  i s  a l s o  d i s c u s s e d .  Where 
a p p r o p r i a t e ,  a v e n u e s  f o r  f u r t h e r  r e s e a r c h  a r e  s u g g e s t e d .
NOTES ON THE EXPERIMENTAL TECHNIQUES 
S o l u t i o n  c u l t u r e s
When a p p r o a c h i n g  p l a n t  n u t r i t i o n  p u r e l y  f r o m  t h e
p o i n t  o f v i e w  o f p 1 a n t r e s p o n s e s , i t  seems e s s e n t i a l t o u se
s o l u t i o n c u 1t u r e s . Under s uc h c o n d i t i o n s  t h e r e i s no
q u e s t i o n o f  t h e a v a l  1a b i 1 i t y o f n u t r i e n t s  t o  t h e p 1 a n t ,
p r o v i d e d  o f  c o u r s e  t h e  s o l u t i o n  i s  n o t  a b n o r m a l  i n  e . g .  pH o r  
n u t r i e n t  c o n s t i t u e n t s .  On t h e  o t h e r  h a n d ,  i n  s o i l  c u l t u r e  
t h e  s o i l  i t s e l f  may m a r k e d l y  a l t e r  n u t r i e n t  a v a i l a b i l i t y  ( s e e  
b e l o w )  and hence  p l a n t  r e s p o n s e s .  The e n t i r e  r o o t  s y s t e m  o f  
t h e  p l a n t  I s  e a s i l y  r e c o v e r e d  f r o m  s o l u t i o n  c u l t u r e ,  w h e r e a s  
i t  i s  i m p o s s i b l e  t o  e x t r a c t  a r o o t  s y s t e m  f r o m  s o i l  w i t h o u t  
damage as s o i l  p a r t i c l e s  a r e  r e m o v e d .  H o w e v e r ,  i n  l o n g e r  
t e r m  e x p e r i m e n t s ,  t h e  management ,  o f  s o l u t i o n  c u l t u r e s  i s  t i m e  
c o n s u m i n g  s i n c e  s o l u t i o n s  r e q u i r e  c h a n g i n g  a t  l e a s t  
f o r t n i g h t l y  and o f t e n  much more f r e q u e n t l y .  The u l t i m a t e  i n
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c o m p l e x i t y  a r e  t h e  c o n t i n u o u s  f l o w  s y s t e m s  s u c h  as t h o s e  o f  
A s h e r  e t  a l  ( 1 9 6 5 ) .  I f  p l a n t s  a r e  t o  be g r o w n  t o  a l a r g e  
s i z e ,  t h e  l o g i s t i c s  o f  s o l u t i o n  c u l t u r e s  become e v e n  more 
d i f f i c u l t  ( c f .  H e w i t t  1966)
When d e a l i n g  w i t h  m i c r o n u t r i e n t s ,  i t  i s  v e r y  
d i f f i c u l t  t o  f i n d  s u p p o r t  m e d i a  s u f f i c i e n t l y  f r e e  o f  t h e  n u t ­
r i e n t  i n v o l v e d  t o  p r o d u c e  n u t r i e n t  d e f i c i e n c i e s .  B a r k e r  
( 1 9 7 3 )  was u n a b l e  t o  p r o d u c e  Zn d e f i c i e n c i e s  i n  a r t i f i c i a l  
m e d i a  ( p e a r l i t e  o r  v e r m i c u l i t e )  o r  i n  a c i d - w a s h e d  sand  
b e c a u s e  o f  Zn c o n t a m i n a t i o n .  S o l u t i o n  c u l t u r e s  a r e  much 
e a s i e r  t o  manage f r o m  t h i s  p o i n t  o f  v i e w .  B o t h  Zn and Cu 
d e f i c i e n c i e s  o f  P.  r a d i a t a  w e r e  o b t a i n e d  I n  t h e  s o l u t i o n  
c u l t u r e s  used  i n  t h e s e  e x p e r i m e n t s  ( F r o n t p i e c e  and P a p e r  1 ) ,  
b u t  t h e  s o l u t i o n s  w e r e  c e r t a i n l y  n o t  f r e e  o f  Zn o r  Cu s i n c e  
q u i t e  s u b s t a n t i a l  u p t a k e  o f  b o t h  e l e m e n t s  o c c u r e d  f r o m  
d e f i c i e n t  s o l u t i o n s  ( P a p e r  4 ) .  I t  seems e s s e n t i a l  t o  use  
p u r i f i c a t i o n  p r o c e d u r e s  t o  r i d  c o m m e r c i a l  m a c r o n u t r i e n t  s a l t s  
o f  h e a v y  m e ta l  c o n t a m i n a n t s  as  shown by  B a r k e r  ( 1 9 7 3 )  who had 
d i f f i c u l t y  i n  o b t a i n i n g  c o n s i s t e n t  Zn d e f i c i e n c y  symptoms  i n  
P.  r a d i a t a  w i t h  u n p u r i f i e d  s a l t s .  C o - p r e c i p i t a t i o n  o f  h e a v y  
m e t a l  c o n t a m i n a n t s  w i t h  Mg(OH) 2 (Munns  and J o h n s o n  1960)  was 
c o n s i s t e n t l y  s u c c e s s f u l  i n  t h i s  w o r k .  O t h e r  p u r i f i c a t i o n  
t e c h n i q u e s  have been  d e v e l o p e d  (Munns  and J o h n s o n  1960 ,  P r i c e  
and V a l l e e  1 9 6 2 ) ;  t h e s e  a r e  o f t e n  t i m e  c o n s u m i n g  b u t  may be 
e s s e n t i a l  i f  e v e n  p u r e r  s o l u t i o n s  a r e  t o  be o b t a i n e d  t h a n
t h o s e  used  h e r e .
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A l g a )  g r o w t h  I s  a common p r o b l e m  w i t h  s o l u t i o n  
c u l t u r e s *  I n i t i a l l y  i n  t h i s  w o r k ,  i t  was t h o u g h t  t h a t  w e e k l y  
c h a n g e s  o f  n u t r i e n t  s o l u t i o n s  w o u l d  be s u f f i c i e n t  t o  p r e v e n t  
t h i s ,  b u t  i t  p r o v e d  n o t  t o  be so ( P a p e r  1 ) .  P a i n t i n g  t h e  
c u l t u r e  p o t s  b l a c k  t o  e x c l u d e  l i g h t  was c o m p l e t e l y  s u c c e s s f u l  
i n  c o m b a t i n g  t h i s  p r o b l e m *
Funga l  p a t h o g e n s  a r e  p r o b l e m s  w i t h  a n y  p l a n t  s t u d y  
and c a u s e d  c o n s i d e r a b l e  t r o u b l e  i n  t h i s  w o r k .  O t h e r  w o r k  i n  
t h i s  l a b o r a t o r y  ( P r a j a p a t i  p e r s .  comm. )  has  shown P i n u s  s p .  
s e e d l i n g s  I n  s o l u t i o n  c u l t u r e  a r e  s u s c e p t i b l e  t o  a c t i v e  
c o n c e n t r a t i o n s  o f  common f u n g i c i d e s *  As w e l l ,  f o r  m i c r o n u t ­
r i e n t  s t u d i e s ,  t h e s e  s u b s t a n c e s  may be c o n t a m i n a t e d  w i t h  
m e t a l  s a l t s  l e a d i n g  t o  f u r t h e r . p u r i f I  c a t i o n  p r o b l e m s .  To 
c o n t r o l  t h e  p a t h o g e n s  e n c o u n t e r e d ,  0 . 01M C a C l 2 added  t o  t h e
n u t r i e n t  s o l u t i o n s  p r o v e d  v e r y  e f f e c t i v e  ( P a p e r  5 ) ,  b u t  s u c h
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h i g h  c o n c e n t r a t i o n s  o f  Ca o r  Cl  i o n s  may a f f e c t  t h e  n u t ­
r i t i o n a l  s t a t u s  . o f  s e e d l i n g s .  Where p a t h o g e n i c  f u n g i  
a f f e c t e d  s e e d l i n g  g r o w t h ,  . a l l o w a n c e s  w e r e  made f o r  t h e s e  
e f f e c t s  i n  i n t e r p r e t i n g  r e s u l t s .
A n o t h e r  common p r o b l e m  w i t h  n u t r i t i o n a l  w o r k  i n  
p l a n t s  i s  t h e  p r e s e n c e  o f  m y c o r r h i z a l  f u n g i .  M y c o r r h i z a l  
r o o t s  o f t e n  show much g r e a t e r  a c c u m u l a t i o n  o f  I n o r g a n i c  n u t ­
r i e n t s  t h a n  n o n - m y c o r r h i z a l  r o o t s  ( H a r l e y  1 9 6 9 ) .  Much w o rk  
on m y c o r r h i z a l  u p t a k e  has been done  w i t h  s o i l  c u l t u r e s  r a t h e r  
t h a n  s o l u t i o n  c u l t u r e s .  .A number  o f  p r o p o s a l s  f o r  t h e  
mechan i s m by w h i c h  m y c o r r h i z a e  a f f e c t  n u t r i e n t  u p t a k e  i n v o l v e
i n c r e a s e d  s o i l  a v a i l a b i l i t y  o f  i o n s ,  a l t h o u g h  o t h e r  
m e c h a n i s m s ,  i n v o l v i n g  i n c r e a s e d  e f f i c i e n c y  o f  u p t a k e  
m e ch an i s ms  o f  m y c o r r h i z a l  r o o t s  have  been  p r o p o s e d  ( H a r l e y  
1 9 5 2 ) .  I n c r e a s e d  p h o s p h o r u s  u p t a k e  by m y c o r r h i z a l  r o o t s  has 
been  much s t u d i e d  ( H a r l e y  1969)  and has  b ee n  o b s e r v e d  i n  
P.  r a d i a t a  s e e d l i n g s  ( S t o n e  1 9 4 9 ) .  U p t a k e  o f  a l k a l i  c a t i o n s  
and Fe has  a l s o  i n c r e a s e d  I n  m y c o r r h i z a l  r o o t s  ( R o u t i e n  and 
Dawson 1943 , Mel  i n  e t  a l  1 9 5 8 ) .  I n  t h e  e x p e r i m e n t s  r e p o r t e d  
h e r e ,  t h e r e  was no e v i d e n c e  o f  a n y  m y c o r r h i z a l  a s s o c i a t i o n s  
w i t h  r o o t s  i n  m i c r o s c o p i c  s e c t i o n s  o f  r o o t s .  Nor  w e r e  a ny  
b r a n c h e d  r o o t s ,  t y p i c a l  o f  m y c o r r h i z a e ,  o b s e r v e d .  I t  seems 
l i k e l y ,  t h e r e f o r e ,  t h a t  m e t a l  u p t a k e  s t u d i e d  i n  t h e s e  e x p e r i ­
m e n t s  was n o t  m e d i a t e d  by any  m y c o r r h i z a l  a s s o c i a t i o n .
A e r a t i o n  o f  n u t r i e n t  s o l u t i o n s
H e w i t t  ( 1 9 6 6 )  has  s u m m a r i s e d  e x t e n s i v e  i n f o r m a t i o n  
on t h e  need f o r  a e r a t i o n  o f  s o l u t i o n  c u l t u r e s .  I n  t h e  e x ­
p e r i m e n t s  r e p o r t e d  h e r e ,  t h e r e  w e r e  no i m m e d i a t e l y  a p p a r e n t  
d e l e t e r i o u s  e f f e c t s  o f  l a c k  o f  a e r a t i o n  on  P.  r a d i a t a  
s e e d l i n g s .  I n  t h e  one  e x p e r i m e n t  ( P a p e r  5 )  wh e r e  a e r a t i o n  
was a p p l i e d  as a t r e a t m e n t ,  r o o t  g r o w t h  was i n c r e a s e d .  T h i s  
a g r e e d  w i t h  o t h e r  r e s u l t s  f o r  p i n e  ( Z i n k a n  e t  a l  19 74 )  w h i c h  
s u g g e s t e d  t h a t  r o o t  g r o w t h  was more s e n s i t i v e  t o  o x y g e n  l e v e l  
i n  t h e  n u t r i e n t  s o l u t i o n  t h a n  s h o o t  g r o w t h ,  p r o b a b l y  b e c a u s e  
s h o o t s  o b t a i n  o x y g e n  f r o m  t h e  a i r .  I t  was c l e a r ,  h o w e v e r ,  
t h a t  t h e  e f f e c t s  o f  a e r a t i o n  on  s e e d l i n g  g r o w t h  i n  t h e  e x ­
p e r i m e n t  h e r e  was o n l y  m i n o r .  I n  g e n e r a l ,  I t  seemed t h e r e
was s u f f i c i e n t  o x y g e n  i n  n u t r i e n t  s o l u t i o n s  o v e r  e ac h  f o r t ­
n i g h t l y  p e r i o d  t o  e n s u r e  s e e d l i n g  h e a l t h  was s a t i s f a c t o r y .
I n  e x p e r i m e n t s  w i t h  c l o v e r  ( P l r i e  1 9 7 3 ) ,  t h e r e  was 
an i n t e r a c t i o n  b e t w e e n  Cu l e v e l  I n  t h e  n u t r i e n t  s o l u t i o n  and 
a e r a t i o n  i n  d e t e r m i n i n g  t h e  amoun t  o f  s o l u b l e  a m i n o - N  i n  
s e e d l i n g s .  I n  n o n - a e r a t e d  s o l u t i o n s ,  i n c r e a s i n g  Cu f r o m  
0 t o  0 . 7ppm d e c r e a s e d  a m i n o - N  i n  t h e  p l a n t ,  w h e r e a s  i n  
. e r a t e d  s o l u t i o n s  a m i n o - N  i n c r e a s e d  w i t h  more t h a n  0 . 0 7 p p m  Cu 
i n  s o l u t i o n .  E f f e c t s  on i n d i v i d u a l  a m i n o  a c i d s ,  a r g i n i n i e ,  
h i s t i d i n e  and ß - a l a n i n e  and on e t h a n o l a m i n e  we re  a l s o  
d i s c u s s e d .  Changes  o f  t h i s  n a t u r e  i n  t h e  c h e m i c a l  
c o n s t i t u t i o n  o f  t h e  p l a n t  s u g g e s t  t h a t  t h e r e  may w e l l  be 
e f f e c t s  o f  a e r a t i o n  on p l a n t  n u t r i t i o n  w h i c h  s h o u l d  be 
a c c o u n t e d  f o r  i n  n u t r i t i o n a l  w o r k .  S u b s t a n t i a l  r e s e a r c h  
w o u l d  be needed t o  f u l l y  e x a m i n e  t h e s e  e f f e c t s .
T i m e - s c a l e  o f  e x p e r i m e n t s
As was d i s c u s s e d  i n  Pa p e r  4 ,  i n t e r p r e t a 1 1  on  o f  t h e  
r e s u l t s  i n  t e r m s  o f  t h e  t h e o r i e s  o f  mec h an i sm s  o f  n u t r i e n t  
u p t a k e  by c e l l s  was . d I f f I c u 1t  i n  l o n g  t e r m  e x p e r i m e n t s  s u c h  
as t h e s e .  The n a t u r e  o f  some o f  t h e  e x p e r i m e n t s  -  t h e  
r e l a t i o n  b e t w e e n  n u t r i e n t  l e v e l s  and g r o w t h  ( P a p e r  1 ) ,  t h e  
n u t r i e n t  c o n t e n t  o f  p r o t e i n  i n  s e e d l i n g s  ( P a p e r  2)  and t h e  
r e l e a s e  o f  s t o r e d  m e t a l  f r o m  r o o t s  ( P a p e r  4)  -  r e q u i r e d  t h a t  
t h e y  be l o n g  t e r m ;  t h e  p r o b l e m s  o f  i n t e r p r e t a t i o n  I n  P a p e r  4 
a r o s e  i n  d i s c u s s i o n  o f  r e s u l t s  t h a t  w e r e  s e c o n d a r y  t o  t h e  
m a i n  t h r u s t  o f  t h e  p a p e r .  I n  d e t e r m i n i n g  t h e  f i n e  d e t a i l s  o f
t h e  m ec ha n i s ms  o f  i n t e r a c t i o n  b e t w e e n  n u t r i e n t s  i n  u p t a k e  
( P a p e r s  1 , 2 ) ,  t h e  e f f e c t s  o f  g r o w t h  s u b s t a n c e s  ( P a p e r  5 )  and 
t h e  w o r k i n g s  o f  t h e  u p t a k e  mechan i sm ( P a p e r s  4 , 5 ) ,  s h o r t  t e r m  
e x p e r i m e n t s  ( h o u r s )  may be e s s e n t i a l  as  t h e  k i n e t i c s  o f  t h e s e  
p r o c e s s e s  may c han ge  o v e r  a m a t t e r  o f  h o u r s  ( L a t i e s  1 9 6 9 ) .  
H o w e v e r ,  e f f e c t s  i n  t h e  s h o r t  t e r m  may n o t  p e r s i s t  i n  t h e  
l o n g  t e r m  and h a v e  o v e r a l l  m a j o r  e f f e c t s  on t h e  g e n e r a l  n u t ­
r i t i o n a l  s t a t e  o f  t h e  p l a n t .  G i v e n  t h e  p u r p o s e s  o f  t h i s  w o r k  
( I  n t r o d u c t I  on p 3)  l o n g  t e r m  s t u d i e s  o f  t h e s e  e f f e c t s  have 
s u b s t a n t i a l  r e l e v a n c e .
HEAVY METAL NUTRITION 
N u t r i e n t  a v a i l a b i l i t y  i n  s o i l
The a v a i l a b i l i t y  o f  i n o r g a n i c  n u t r i e n t s  a t  t h e  r o o t  
s u r f a c e  d e t e r m i n e s  t h e  a b i l i t y  o f  t h e  p l a n t  t o  a b s o r b  n u t ­
r i e n t s ,  i r r e s p e c t i v e  o f  any  c o n t r o l  me ch an i sm  o f  t h e  p l a n t  
I t s e l f .  The d e t e r m i n a t i o n  o f  t h e  a v a i l a b i l i t y  o f  n u t r i e n t s  
t o  p l a n t  r o o t s  was n o t  t h e  s u b j e c t  o f  t h i s  w o r k .  B u t  a b r i e f  
summary o f  t h e  f a c t o r s  w h i c h  a f f e c t  n u t r i e n t  a v a i l a b i l i t y  
when t h e  p l a n t  i s  g r o w i n g  i n  i t s  n a t i v e  e n v i r o n m e n t ,  t h e  
s o i l ,  i s  p r e s e n t e d  h e r e  f o r  c o m p l e t e n e s s ,  b e c a u s e  t h e s e  a r e  
t h e  f i r s t  c o n t r o l  mec ha n i s ms  w h i c h  a f f e c t  p l a n t  n u t r i t i o n .  
Hodgson  ( 1 9 6 3 )  s u m m a r i s e d  t h e  p r i n c i p a l  f a c t o r s  a f f e c t i n g ,  
p a r t i c u l a r l y ,  m i c r o n u t r i e n t  a v a i l a b i l i t y  i n  t h e  s o i l  and h i s  
r e v i e w  f o r m s  t h e  b a s i s  o f  d i s c u s s i o n  h e r e .
A l l  t h e  m i c r o n u t r i e n t  e l e m e n t s  may be bou nd  w i t h i n  
s o i l  m i n e r a l s  d u r i n g  t h e i r  f o r m a t i o n  i n  t h e  g e o l o g i c  p a s t .
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As t h e s e  m i n e r a l s  w e a t h e r ,  f o r m i n g  t h e  s o i l  i t s e l f ,  t h e  bound  
e l e m e n t s  may be s l o w l y  r e l e a s e d  t o  t h e  s o i l  s o l u t i o n *  t h e  
speed  o f  t h i s  p r o c e s s  d e t e r m i n e s  t h e  u l t i m a t e  a v a i l a b i l i t y  o f  
i n o r g a n i c  n u t r i e n t s  t o  p l a n t s .  H o w e v e r ,  m e t a l s  r e l e a s e d  I n  
t h i s  way may s u b s e q u e n t l y  become c o m p l e t e l y  u n a v a i l a b l e  by 
o c c l u s i o n  i n s i d e  s e c o n d a r y  m i n e r a l s  f o r m e d  d u r i n g  w e a t h e r i n g  
p r o c e s s e s  ( i r o n s t o n e  g r a v e l s ,  f o r  e x a m p l e ,  a r e  n o t  uncommon 
i n  l e a c h e d  A u s t r a l i a n  s o i l s ) .  As w e l l ,  m e t a l s  may be
a d s o r b e d  more o r  l e s s  f i r m l y  a t  t h e  s u r f a c e  o f  s o i l  
p a r t i c l e s .  Thu s ,  Fe and Mn may,  u n d e r  t h e  r i g h t  c o n d i t i o n s  
o f  a e r a t i o n ,  p r e c i p i t a t e  as t h e i r  h i g h l y  i n s o l u b l e  o x i d e s  o r  
p h o s p h a t e s  o n t o  t h e  s u r f a c e  o f  s o i l  p a r t i c l e s .  The 
s u b s e q u e n t  r e l e a s e  o f  t h e s e  m e t a l s  f r o m  t h e s e  c ompounds  
d e p e n d s  on  t h e  pH,  o x i d a t i o n  p o t e n t i a l ,  t e m p e r a t u r e  and 
a v a i l a b i l i t y  o f  s o l u b l e  c o m p l e x l n g  a g e n t s  i n  t h e  s o i l  s o l ­
u t i o n .  E l e c t r o s t a t i c  f o r c e s  t o o  may f i r m l y  a t t a c h  m e t a l s  t o  
t h e  s u r f a c e  o f  s o i l  p a r t i c l e s  a f t e r  e x c h a n g e  r e a c t i o n s *  t h e  
c o n d i t i o n s  o f  t h e  s o i l  s o l u t i o n  w i l l  a f f e c t  t h e  s u b s e q u e n t  
a v a i l a b i l i t y  o f  t h e s e  e l e m e n t s  a l s o .  O r g a n i c  m a t t e r ,  w h i c h  
o f t e n  has  a h i g h  c a t i o n  e x c h a n g e  c a p a c i t y ,  may s t r o n g l y  b i n d  
m e t a l s *  Cu,  i n  p a r t i c u l a r ,  may be v e r y  f i r m l y  h e l d  i n  o r g a n i c  
f o r m .
The p h y s i c a l  l o c a t i o n  o f  n u t r i e n t s  i n  t h e  s o i l  
p r o f i l e  may a l s o  a f f e c t  t h e i r  a v a i l a b i l i t y  t o  t h e  p l a n t .  
E l e m e n t s  may be d i s t r i b u t e d  i n  t h e  s o i l  p r o f i l e  i n  a 
c h a r a c t e r i s t i c  manner  d e p e n d i n g  on t h e i r  c h e m i s t r y  and t h e  
c h e m i s t r y  o f  t h e  s o i l  as  l e a c h i n g  w a t e r s  move t hem down 
t h r o u g h  t h e  p r o f i l e .  The r o o t i n g  c h a r a c t e r i s t i c s  o f  a
p a r t i c u l a r  p l a n t  w i l l  t h e n . d e t e r m i  ne i f  i t  c a n  r e a c h  t h e  n u t ­
r i e n t  p oo l  i n  t h e  s o i l .  C o n v e r s e l y ,  t h e  p h y s i c a l  c h a r a c t e r ­
i s t i c s  o f  t h e  s o i l  may p r e v e n t  p l a n t  r o o t s  p e n e t r a t i n g  and 
r e a c h i n g  a v a i l a b l e  n u t r i e n t  p o o l s .
M i c r o o r g a n i s m s ,  b o t h  b a c t e r i a l  and  f u n g a l ,  have 
ma rk ed  e f f e c t s  on n u t r i e n t  a v a i l a b i l i t y  i n  s o i l .  They  may 
r e l e a s e  n u t r i e n t s  s t o r e d  i n  o r g a n i c  m a t e r i a l  by  d e c o m p o s i n g  
t h e  o r g a n i c  m a t t e r  o r  t h e y  may r e l e a s e  m e t a l s  f r o m  o x i d i s e c  
f o r m s  by r e d u c t i o n .  They  may r e d u c e  n u t r i e n t  a v a i l a b i l i t y  by 
I n c o r p o r a t I n g  n u t r i e n t s  f o r  t h e i r  own use o r  by  o x i d i s i n g  
m e t a l s  t o  l e s s  a v a i l a b l e  f o r m s t  Mn and Fe i n  p a r t i c u l a r  have 
t h e i r  o x i d a t i o n  s t a t e s  c o n t r o l l e d  by  mi e r o o r g a n I  sms.  M i c r o ­
o r g a n i s m s  may . i n d i r e c t l y  a f f e c t  n u t r i e n t  a v a i l a b i l i t y  by 
a f f e c t i n g  t h e  pH o r  o x i d a t i o n  p o t e n t i a l  o f  t h e  s o i l  s o l u t i o n .
P l a n t s  t h e m s e l v e s  may m o d i f y  t h e  s o i l  e n v i r o n m e n t .  
F i r s t l y ,  t h e y  may c o m p e t e  w i t h  o t h e r  p l a n t s  f o r  a v a i l a b l e  
n u t r i e n t s  and hen c e  a l t e r  t h e  a v a i l a b i l i t y  o f  n u t r i e n t s  t o  
t h e i r  c o m p e t i t o r s .  S e c o n d l y ,  many p l a n t s  e x u d e  a g r e a t  
v a r i e t y  o f  compounds  i n  l a r g e  e n o u gh  q u a n t i t i e s  t o  a f f e c t  
n u t r i e n t  a v a i l a b i l i t y .  E x u d a t e s  may a f f e c t  t h e  a c t i v i t y  o f  
m i c r o o r g a n i s m s ,  w h i c h  may i n  t u r n  a f f e c t  n u t r i e n t  a v a i 1- 
ab i  1 I t y ,  o r  t h e y  may c h e m i c a l l y  a f f e c t  m e t a l  a v a i l a b i l i t y .
A n u t r i e n t  s o l u t i o n  i s ,  o f  c o u r s e ,  t h e  i d e a l  
e n v i r o n m e n t  f o r  t h e  p l a n t .  N u t r i e n t s  a r e  a v a i l a b l e  i n  a 
s u i t a b l e  f o r m  f o r  a b s o r p t i o n  and t h e  r o o t  does  n o t  hav e  t o  
seek  o u t  w a t e r  o r  n u t r i e n t s  as i t  does  when t h e  p l a n t  i s  
g r o w i n g  I n  s o i l .  The r e m a i n i n g  s e c t i o n s  o f  t h i s  p a p e r
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d i s c u s s  t h e  c o n t r o l  o f  p l a n t  n u t r i t i o n ,  g i v e n  t h a t  t h e  
i n o r g a n i c  i o n s  h a v e  a l r e a d y  r e a c h e d  t h e  r o o t  s u r f a c e  a n d  a r e  
a v a i l a b l e  f o r  u p t a k e .
N u t r i e n t  u p t a k e  a t  t h e  r o o t  s u r f a c e
I n i t i a l  u p t a k e  o f  i n o r g a n i c  n u t r i e n t s  a t  t h e  r o o t  
s u r f a c e  o c c u r s  m a i n l y  v i a  r o o t  h a i r s  ( Kr a me r  1969)  a nd  i s  
u n d e r  b o t h  a c t i v e  and  p a s s i v e  i n f l u e n c e s .  T h e r e  i s  f r e e
( p a s s i v e )  a c c e s s  f o r  w a t e r  and  n u t r i e n t s  i n t o  t h e  f r e e  s p a c e  
o f  r o o t  t i s s u e s .  F r e e  s p a c e  h a s  two p a r t s ,  t h e  w a t e r  f r e e  
s p a c e ,  w h i c h  c o n s i s t s  o f  i n t e r - c e 11u 1a r  s p a c e s  and  p a r t s  o f  
t h e  c e l l  wa l l  ( P r i c e  1970)  a nd  Donnan f r e e  s p a c e  w h i c h  i s  
d e f i n e d  a s  t h a t  p a r t  o f  t h e  t i s s u e  a v a i l a b l e  t o  t h e  e x t e r n a l  
s o l u t i o n  b u t  w h i c h  I s  u n d e r  t h e  i n f l u e n c e  o f  n o n - m o b i l e
a n i o n s  ( J e n n i n g s  1 9 6 3 ) .  T h e r e  h a s  b e e n  v e r y  a c t i v e  a nd
c o n t i n u i n g  d e b a t e  a s  t o  t h e  e x a c t  l o c a t i o n  o f  Donna n  f r e e  
s p a c e  a n d ,  i n  p a r t i c u l a r ,  w h e t h e r  t h e  p l a s m a - l e m m a  i s  f r e e l y  
p e r m e a b l e  t o  i n o r g a n i c  i o n s .  . O l d e r  wor k  ( B r i g g s  and  
R o b e r t s o n  1957)  c o n s i d e r e d  t h e  t o n o p l a s t  t o  be  t h e  ma j o r  
b a r r i e r  t o  a c t i v e  i o n  e n t r y  and  t h e r e f o r e  t h e  c y t o p l a s m
i t s e l f  may h a v e  c o n s t i t u t e d  t h e  Donnan f r e e  s p a c e .  I n  l i g h t  
o f  t h e  more  r e c e n t  h y p o t h e s e s  o f  d u a l  a c t i v e  u p t a k e  
m e c h a n i s m s  ( p  107) ' ,  i t  h a s  b e e n  p r o p o s e d  by w o r k e r s  who 
s u g g e s t  t h a t  t h e  s e c o n d ,  n o n - s p e c i f i c ,  m e c h a n i s m  o p e r a t e s  a t  
t h e  t o n o p l a s t  ( L a t i e s  1969)  t h a t  t h e  p l a s m a l e mma  i s  f r e e l y  
p e r m e a b l e  t o  i o n s  a t  h i g h  e x t e r n a l  s a l t  c o n c e n t r a t i o n s  when 
t h e  s e c o n d  me c h a n i s m i s  w o r k i n g .  Wo r k e r s  who s u p p o r t  t h e
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i d e a  t h a t  b o t h  mechan i sms  a r e  l o c a t e d  a t  t h e  p l asma lemrna  
( W e l c h  and E p s t e i n  1969)  o f  c o u r s e  deny  t h a t  t h e  p l asma lemrna  
i s  f r e e l y  p e r m e a b l e .  R e c e n t  w o r k  ( N i s s e n  1 9 7 3 a , b , c )  has  
c h a l l e n g e d  t h e  two  m e chan i s m  h y p o t h e s i s  a l t o g e t h e r  and 
s u g g e s t s  t h e r e  i s  o n e ,  m u l t i  p h a s i c  m e c h a n i s m ,  l o c a t e d  a t  t h e  
p 1 asrua 1 emma, w h i c h  c h a n ge s  i t s  k i n e t i c  p r o p e r t i e s  a s  i o n i c  
a v a i 1a b i 1 I t i es d i f f e r .  T h i s  model  does  n o t  r e q u i r e ,  n o r  
t o t a l l y  e x c l u d e ,  i o n  d i f f u s i o n  a c r o s s  t h e  p lasma lemrna  a t  h i g h  
e x t e r n a l  n u t r i e n t  c o n c e n t r a t i o n s .  As d i s c u s s e d  e a r l i e r  
( p  1 0 7 ) ,  once  w a t e r  and i o n s  have  e n t e r e d  t h e  r o o t ,  e i t h e r  
a c t i v e l y  o r  p a s s i v e l y ,  t h e y  have  r e l a t i v e l y  f r e e  movement  
a c r o s s  t h e  r o o t  u n t i l  t h e y  r e a c h  t h e  s t e l e .
I n  t h e  wo rk  r e p o r t e d  h e r e ,  s e v e r a l  a s p e c t s  o f  t h e  
u p t a k e  o f  hea v y  meta . l s  a t  t h e  r o o t  s u r f a c e  w e r e  s t u d i e d .  No 
a t t e m p t s  were  .made t o  d i s t i n g u i s h  r o o t  u p t a k e  t o  o u t e r  s pa c e  
( p a s s i v e )  o r  t o  i n n e r  s p a ce  ( a c t i v e ) .  B u t  s i n c e  a t  l e a s t  
h a l f ,  and o f t e n  much more ( s e e  d a t a  o f  P a p e r s  1 and  2 ) ,  o f  
t h e  t o t a l  me ta l  o f  s e e d l i n g s  was f o u n d  i n  s h o o t s ,  m o s t  o f  t h e  
m e t a l s  a s s a y e d  i n  t h e s e  e x p e r i m e n t s  mus t  have  e n t e r e d  i n n e r  
s p a c e  b e f o r e  e i t h e r  t r a n s p o r t  t o  s h o o t s  o r  use f o r  r o o t  
m e t a b o l i s m .  .Even s o ,  w h i l e  t h e  b u l k  o f  t h e  e f f e c t s  w o u l d  
h a v e  been on m e t a l  movement  i n t o  i n n e r  s p a c e ,  t h e  movement  
i n t o  o u t e r  s p ac e  may h av e  been an a p p r e c i a b l e  c o m p o n e n t  w h i c h  
s h o u l d ,  i n  more p r e c i s e  s t u d i e s ,  be c o n s i d e r e d .
The r e s u l t s  r e p o r t e d  i n  Pa pe r  1 showed f i r s t l y  t h a t  
i n c r e a s i n g  t h e  pH o f  t h e  n u t r i e n t  s o l u t i o n  f r o m  4 t o  7 
r e d u c e d  u p t a k e  o f  Cu,  Zn and Fe and had no e f f e c t  on  Mn,  N03”
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o r  HP04" u p t a k e .  As t h e  d i s c u s s i o n  ( p  46 )  s howed ,  the 
e f f e c t s  o f  pH on t h e  a c t u a l  u p t a k e  mec h an i sm s  o f  b o t h  c a t i o n s  
and  a n i o n s  a r e  p o o r l y  u n d e r s t o o d .  C e r t a i n l y  u p t a k e  I n t o  b o t h  
f r e e  s pa ce  ( R o b e r t s o n  1958)  and a c r o s s  membranes  ( P i t m a n  
1970 ,  O l s e n  1953 ,  J a c k s o n  and Adams 1963)  a r e  l i k e l y  t o  be 
a f f e c t e d .  R u b e n s t e i n  ( 1 9 7 4 )  s u g g e s t s  t h a t  H + i o n s  may be 
i n v o l v e d  i n  t r i g g e r i n g  t h e  m e t a b o l i c  p r o c e s s e s  o f  a c t i v e  
t r a n s p o r t  n e c e s s a r y  f o r  t h e  u p t a k e  o f  C l ”  i n  Av e na  
c o l e o p t i l e s .  .The r e c e n t  f I n d i n g s  t h a t  a u x i n  ( R u b e n s t e i n  
1 9 7 4 ,  M a r r e  e t  a l  1974b)  and c y t o k i n i n s  ( M a r r e  e t  a l  1974a )  
p r o m o t e  e x t r u s i o n  o f  H i o n s  f r o m  c e l l s  w h i c h  may t h e n  a f f € ? c t  
n u t r i e n t  u p t a k e ,  s u g g e s t s  t h a t  c o n t r o l  o f  I o n  u p t a k e  a t  t h e  
r o o t  s u r f a c e  may be due t o  pH e f f e c t s  w h i c h  a r e  i n  t u r n  u n d e r  
h o r m o n a l  c o n t r o l .  The r e s u l t s  f r o m  t h i s  w o r k  gave l i t t l e  
i n f o r m a t i o n  on  t h e s e  m a t t e r s .  I t  a p p e a r e d  t h a t  P, r a d ? a t a  
was more s u b j e c t  t o  r o o t  p h y s i o l o g i c a l  damage as  pH r o s e  f r o m
f
4 - 7  t h a n  a number  o f  o t h e r  h i g h e r  p l a n t s ;  t h i s  may have  l e d  
t o  t h e  e f f e c t s  on n u t r i e n t  u p t a k e  o b s e r v e d .
The s e c o n d  a s p e c t  o f  t h e  f a c t o r s  w h i c h  a f f e c t  r o o t  
i o n  u p t a k e  e x a m i n e d  h e r e ,  was t h e  e f f e c t s  o f  c o m p e t i t i o n  
b e t w e e n  t h e  h e a v y  m e t a l s  f o r  u p t a k e  a t  t h e  r o o t  s u r f a c e .  
T h e r e  has  been f a i r l y  u n c r i t i c a l  a c c e p t a n c e  i n  t h e  l i t e r a t u r e  
( p  4 4 , 7 8 )  t h a t  h e a v y  m e t a l s  c o m p e t e  w i t h  eac h  o t h e r  f o r  
u p t a k e  by r o o t s .  A f ew  a u t h o r s  ( L a t i e s  1969 ,  Sc hmi d  e t  a l  
1965 )  hav e  n o t e d  t h a t ,  i n  p a r t i c u l a r ,  v e r y  h i g h  
c o n c e n t r a t i o n s  o f  c o m p e t i n g  i o n s  have  o f t e n  been us ed  i n  
u p t a k e  s t u d i e s .  .The  p r e s e n t  t h e o r i e s  o f  d u a l  a c t i v e  u p t a k e  
m e c h a n i s m s  ( b a s e d  on t h e  w o r k  o f  E p s t e i n  and Hagen ( 1 9 5 2 )
w i t h  a l k a l i  c a t i o n s )  s u g g e s t  t h a t ,  c o m p e t i t i o n  f o r  u p t a k e  
b e t we e n  i o n s  w o u l d  o n l y  o c c u r  when . t h e  s e c o n c ,  n o n - s p e c i f i c ,  
mec han i s m was o p e r a t i n g  when h i g h e r  l e v e l s  o f  i o n s  we r e  
a v a i l a b l e .
A few a u t h o r s  have  c a r r i e d  o u t  e x p e r i m e n t s  w i t h  
h e a v y  m e t a l s  a t  m o d e r a t e  t o  l ow e x t e r n a l  m e t a l  
c o n c e n t r a t i o n s .  .Two g r o u p s  o f  a u t h o r s  have  shown t h a t  w i t h  
a d e q u a t e ,  b u t  n o t  e x c e s s i v e  e x t e r n a l  s o l u t i o n  n u t r i e n t  
c o n c e n t r a t i o n s , t h e r e  may be c o m p e t i t i o n  f o r  u p t a k e  b e t w e e n  
c e r t a i n  h e a v y  m e t a l s  c o n s i s t e n t  w i t h  a n o n - s p e c i f i c  m ec ha n i s m 
o p e r a t i n g  a t  h i g h e r  n u t r i e n t  a v a i l a b i l i t i e s .  F i r s t l y ,  
Schmi d  e t  a l  ( 1 9 6 5 )  showed c o m p e t i t i v e  i n h i b i t i o n  o f  Zn 
u p t a k e  by  Cu o v e r  a 3 0 m i n  p e r i o d  i n  e x c i s e d  b a r l e y  r o o t s .  Zn 
was s u p p l i e e d  a t  a o o u t  0 .3ppm and Cu a t  0 . 1  ppm. The s e c o n c  
g r o u p  ( M a l a v o l t a  e t  a l  1956)  us ed  a l o n g  t e r m  ( e i g h t  week)  
p e r i o d  f o r  t h e i r  e x p e r i m e n t ,  w i t h  c o f f e e  p l a n t s .  L a t i e s  
( 1 9 6 9 ) .  has  p o i n t e d  o u t  t h a t  t h e  k i n e t i c s  o f  i o n  u p t a k e  may 
c han ge  o v e r  a few h o u r s ,  so l o n g  t e r m  e x p e r i m e n t s  mean l i t t l e  
i n  a t t e m p t i n g  t o  c l o s e l y  d e f i n e  t h e  r e l a t i o n s h i p s  b e t w e e n  i o n  
u p t a k e  m e c h a n i s m s .  . N e v e r t h e l e s s ,  M a l a v o l t a  e t  a l  showed t h a t  
Zn u p t a k e  f r om an 0 . 05pp m Zn s o l u t i o n  was s u b s t a n t i a l l y  
r e d u c e d  by 5ppm i i n  and 0 . 2p pm  Cu b u t  n o t  by  lOppm Fe.  
A n o t h e r  g r o u p  o f  w o r k e r s  ( D o k i y a  e t  a l  1968 )  f o u n d  some 
c o m p e t i t i o n  and some p r o m o t i o n  b e t w e e n  Cu,  Mn and Fe b e i n g  
a b s o r b e d  by b a r l e y  and r i c e  r o o t s  o v e r  a t w o  h o u r  p e r i o d .  
The e x t e r n a l  c o n c e n t r a t i o n s  o f  e l e m e n t s  i n  t h e s e  e x p e r i m e n t s  
d i d  n o t  r i s e  a b o ve  0.1 ppm and w e n t  down t o  w e l l  b e l o w  
s u f f i c i e n c y  l e v e l s .  The v a r i a b i l i t y  o f  t h e  e f f e c t s  t h e y
o b s e r v e d  i n  t h e i r  r e s u l t s ,  b o t h  b e t w e e n  t h e  t w o  s p e c i e s  and 
t h e  d i f f e r e n t  m e t a l s ,  does  n o t  s u g g e s t  t h e r e  w e r e  I n d e p e n d e n t  
u p t a k e  m e c h a n i s m s  f o r  a l l  m e t a l s  o p e r a t i n g  a t  l ow e x t e r n a l  
m e t a l  c o n c e n t r a t i o n s .
The r e s u l t s  i n  t h i s  w o rk  ( P a p e r s  1 , 2 )  gave  no 
s u g g e s t i o n  t h a t  t h e r e  was marked  c o m p e t i t i o n  b e t w e e n  t h e s e  
e l e m e n t s  f o r  u p t a k e  by r o o t s  I n  t h e  l o n g  t e r m .  A l t e r i n g  Zn 
and Cu c o n c e n t r a t i o n s  i n  s o l u t i o n  f r o m  b e l o w  d e f i c i e n c y  
l e v e l s  ( d e f i c i e n c y  b e l o w  a b o u t  0 . 0 5 p p m )  t o  e x c e s s  (1 ppm) had 
no e f f e c t s  on  Fe o r  Mn u p t a k e  when b o t h  w e r e  s u p p l i e d  a t  w e l l  
a b o v e  s u f f i c i e n c y  l e v e l s  ( F e  a t  Sppm and  Mn a t  3ppm)  o v e r  
1 3 - 2 3 w e e k s .  . T h e r e  w e r e  some s l i g h t ,  b u t  I n c o n s i s t e n t ,  
e f f e c t s  o f  Cu on Zn u p t a k e  b u t  no r e v e r s e  e f f e c t s .  The 
r e s u l t s  do n o t  s u p p o r t  t h e  c o n c e p t ,  t h a t  a n o n - s p e c i f i c  u p t a k e  
m e c ha n i sm  o p e r a t e s  f o r  t h e s e  I o n s  when p r e s e n t  a t  abo ve  
a d e q u a t e  c o n c e n t r a t i o n s .  Th i  s . a s s u m e s ,  o f  c o u r s e ,  t h a t  t h e  
n o n - s p e c i f i c  u p t a k e  . mec h an i sm w o u l d  o p e r a t e  a n y w h e r e  a b o v e  
a d e q u a t e  n u t r i e n t  l e v e l s .  T h i s  i s  n o t  n e c e s s a r i l y  so*  I f  
t h i s  mechan i s m . d i d  n o t  o p e r a t e  t i l l  v e r y  h i g h  m e t a l  
c o n c e n t r a t i o n s  i n  t h e  e x t e r n a l  s o l u t i o n ,  t h e n  t h i s  may 
e x p l a i n  why o t h e r  w o r k e r s ,  u s i n g  much h i g h e r  c o n c e n t r a t i o n s ,  
hav e  o b s e r v e d  c o m p e t i t i o n  f o r  u p t a k e  b e t w e e n  t h e s e  m e t a l s .  
C o n s i d e r a b l e  r e s e a r c h  i s  n e c e s s a r y  t o  f i n d  d e f i n i t i v e  
e v i d e n c e  o f  t h e  e x i s t e n c e  o r  o t h e r w i s e  o f  s i m i l a r  u p t a k e  
m ec ha n i s ms  f o r  h e a vy  m e t a l s  as  have  been  d e m o n s t r a t e d  f o r  
a l k a l i  c a t i o n s .
A l t h o u g h  t h e  r e s u l t s  showed l i t t l e  e v i d e n c e  o f
c o m p e t i t i o n  f o r  r o o t  u p t a k e  b e t w e e n  t h e  m e t a l s ,  r e s u l t s  o f  
P a p e r  5 showed t h a t  t h e  r a t e s  o f  u p t a k e  o f  a l l  f o u r  m e t a l s  
c o r r e l a t e d  m o d e r a t e l y ,  b u t  q u i t e  s i g n i f i c a n t l y .  On t h e  o t h e r  
h a n d ,  no s i g n i f i c a n t  c o r r e l a t i o n s  we re  f o u n d  i n  P a p e r  4 .  The 
p r o b l e m s  , o f  I n t e r p r e t a t i o n  o f  l o n g  t e r m  e x p e r i m e n t s  suc h  as 
t h e s e  w e r e  d i s c u s s e d  ( p  1 3 4 ) .  T h e r e  was no a p p a r e n t  c a u s e  
f o r  t h e  d i f f e r e n c e s  b e t w e e n  t h e  r e s u l t s  o f  t h e  t w o  e x p e r i ­
m e n t s .  I f  t h e  r e s u l t s  o f  P a p e r  5 a r e  a c c e p t e d ,  t h e y  s u g g e s t  
t h a t  t h e  u p t a k e  mec han i sms  f o r  t h e s e  m e t a l s  a t  t h e  r o o t  
s u r f a c e  a r e  r e l a t e d ,  b u t  t h e  l a c k  o f  c o m p e t i t i v e  e f f e c t s ,  
d i s c u s s e d  a b o v e ,  s u g g e s t s  t h e  m e ch an i s ms  we re  n o t  t h e  same.  
How t h e s e  m ec han i s ms  m i g h t  be r e l a t e d ,  b u t  s e p a r a t e ,  I s  o p e n  
t o  s p e c u l a t i o n .  One common bond b e t w e e n  a t t e m p t s  t o  I s o l a t e  
t h e  c a r r i e r  mec han i s ms  i n v o l v e d  I n  a c t i v e  t r a n s p o r t  a c r o s s  
c e l l  membranes I s  p h o s p h o r y 1 a t  I on w h i c h  g e n e r a l l y  seems t o  be 
I n v o l v e d  a t  some s t a g e  o f  t h e  p r o c e s s  ( P r i c e  1 9 7 0 ) .  Thus i t  
may be t h a t  m e t a l s  have  d i f f e r e n t  u p t a k e  m ec h a n i s m s  t h a t  v a r y  
t h e i r  r a t e s  d e p e n d i n g  on t h e  p h o s p h o r y l a t  I v e  a b i l i t y  o f  t h e  
c e l l s .
N u t r i e n t  t r a n s p o r t  a c r o s s  t h e  r o o t
A b r i e f  summary was g i v e n  ( p  107)  o f  t h e  p a t h  o f  
t r a n s p o r t  o f  n u t r i e n t  i o n s  f r o m  t h e  s i t e  o f  u p t a k e  a t  t h e  
r o o t  s u r f a c e ,  a c r o s s  t h e  r o o t ,  t o  t h e  s t e l e .  The t r a n s p o r t  
may be e i t h e r  t h r o u g h  t h e  c e l l  w a l l s ,  f o r  i o n s  t a k e n  up 
p a s s i v e l y ,  o r  t h r o u g h  t h e  c y t o p l a s m  v i a  p 1a s m o d e s m a t a 1 
c o n n e c t i o n s ,  f o r  I o n s  t a k e n  up a c t i v e l y .  The e n d o d c r m a l
1 7 '
b a r r i e r  s t o p s  t h e  d i r e c t  f l o w  i n t o  t h e  x y l e m  o f  i o n s  t a k e n  uj  
p a s s i v e l y .
The c o n t e n t i o n  t h a t  I o n s  mus t  c r o s s  c e l l  membranes  
a t  l e a s t  t w i c e ,  and t h e r e f o r e  be s u b j e c t  t o  a c t i v e  c o n t r o l  by 
t h e  p l a n t  a t  l e a s t  t w i c e ,  b e f o r e  t h e y  a r e  r e l e a s e d  t o  t h e  
x y l e m  was g e n e r a l l y  s u p p o r t e d  i n  t h i s  w o r k .  O f t e n  t h e r e  we re  
v e r y  low c o r r e l a t i o n s  b e t w e e n  t h e  r a t e s  a t  w h i c h  Cu,  Zn,  Mn 
and Fe w e r e  t a k e n  up by  r o o t s  and t h e  r a t e s  a t  w h i c h  t h e y  
w e r e  t r a n s p o r t e d  t o  s h o o t s  ( P a p e r s  4 , 5 ) .  T h i s  s u g g e s t s  t h a t  
t h e  r o o t  u p t a k e  and x y l e m  r e l e a s e  p r o c e s s e s  w e r e  i n d e p e n d e n t ,  
i . e .  t h a t  t h e r e  w e re  t wo  s e p a r a t e  s i t e s  o f  c o n t r o l  I n  t h e  
r o o t .  H o w e v e r ,  some s i g n i f i c a n t  c o r r e l a t i o n s  w e r e  o b s e r v e d ,  
p a r t i c u l a r l y  b e t w e e n  Cu,  Zn and  Mn. F u r t h e r  w o r k  I s  
n e c e s s a r y  t o  e l u c i d a t e  t h e  m e a n i n g  o f  t h e s e  r a t h e r  v a r i a b l e  
r e s u l t s .
N u t r i e n t  s t o r a g e  i n  t h e  r o o t
I t  was c l e a r  ( P a p e r s  1 , 2 ) ,  t h a t  when a n y  o f  t h e  
f o u r  m e t a l s  s t u d i e d  w e r e  p r e s e n t  i n  a d e q u a t e  s u p p l y  i n  n u t ­
r i e n t  s o l u t i o n s ,  t h e i r  c o n c e n t r a t i o n  i n  r o o t s  e x c e e d e d  t h a t  
i n  s h o o t s .  The e f f e c t  became more and more p r o n o u n c e d  as t h e  
e x t e r n a l  n u t r i e n t  c o n c e n t r a t i o n  i n c r e a s e d .  T h i s  s u g g e s t e d  
t h a t  e x c e s s  m e t a l  t a k e n  up by r o o t s  was s t o r e d  i n  r o o t s  and 
n o t  d i s t r i b u t e d  t h r o u g h o u t  t h e  s e e d l i n g .  S i m i l a r  e f f e c t s  
have  been o b s e r v e d  by  o t h e r  w o r k e r s  w i t h  h i g h e r  p l a n t s  ( Hawf  
and Sc h mi d  1967 ,  L o p e z  and Graham 1973 ,  S m i t h  and S p e c h t  
1953 ,  H i l l  1973)  b u t  r a r e l y  have  t h e y  been  i n t e r p r e t e d  I n  t h e
same way as I n  t h i s  s t u d y .
I n i t i a l l y  I t  was n o t  c l e a r  I f  t h e  s t o r a g e  o f  t h e  
e x c e s s  m e t a l  w a s , m e r e l y  a d e f e n c e  mechan i s m a g a i n s t  t h e  h i g h  
e x t e r n a l  n u t r i e n t  c o n c e n t r a t i o n  o r  a s a f e t y  m e c h a n i s m  t o  
s t o r e  e x c e s s  n u t r i e n t  a g a i n s t  a p o s s i b l e  r e d u c t i o n  I n  n u t ­
r i e n t  a v a i l a b i l i t y .  The s u b s e q u e n t  e v i d e n c e  s u g g e s t e d  t h a t  
b o t h  m i g h t  a p p l y .  When s e e d l i n g s  w e r e  p l a c e d  i n  Cu o r  Zn 
d e f i c i e n t  s o l u t i o n s ,  a f t e r  p r e t r e a t m e n t  w i t h  h i g h  Cu o r  Zn 
l e v e l s  r e s p e c t i v e l y ,  t h e  s t o r e d  m e t a l  was r e l e a s e d  f r o m  r o o t s  
f o r  t r a n s p o r t  t o  s h o o t s  ( P a p e r  4 ) .  T h e r e  was s t r o n g  e v i o e n c e  
t h a t  t h i s  was so  f o r  Cu and i t  a p p e a r e d  t o  be a l s o  t r u e  f o r  
Zn .
A c o r o l l a r y  t o  t h e s e  f i n d i n g s  ( P a p e r s  2 , 3 )  was t h e  
i n d i c a t i o n  t h a t  a l a r g e  p r o p o r t i o n  o f  t h e s e  h e a v y  m e t a l s  was 
a s s o c i a t e d  w i t h  p r o t e i n  f r a c t i o n s  i n  t h e  r o o t .  I f  t h e  m e t a l  
s t o r a g e  w e r e  m e r e l y ,  a d e f e n c e  m e c a n l s m ,  t h e n  t h e  c e l l  w a l l  
w o u l d  seem t h e  l o g i c a l  p l a c e  t o  s t o r e  t h e  e x c e s s  m e t a l  as  
d oe s  o c c u r  w i t h  Zn and Cu i n  g r a s s  c l o n e s  e s p e c i a l l y  t o l e r a n t  
o f  h i g h  l e v e l s  o f  t h e s e  e l e m e n t s  ( T u r n e r  1 9 7 0 ) .  T h e r e  was 
e v i d e n c e  ( P a p e r  2)  t h a t  some Fe ,  w h i c h  a c c u m u l a t e d  a t  v e r y  
h i g h  c o n c e n t r a t i o n s  i n  r o o t s ,  may have  been  d e p o s i t e d  i n  t h e  
c e l l  w a l l .  I t  seemed t h a t  t h e  m e t a l s  a s s o c i a t e d  w i t h  p r o t e i n  
w e r e  bound  q u i t e  f i r m l y  w i t h i n . t h e  p r o t e i n  s t r u c t u r e  and n o t  
m e r e l y  a t  t h e  p r o t e i n  s u r f a c e ,  as  t h e y  w e r e  n o t  r e l e a s e d  by 
t r e a t m e n t  w i t h  a c i d  o r  a l k a l i  ( P a p e r  3 ) .  The . l i t e r a t u r e  
r e v i e w e d  i n  P a p e r  4 s u g g e s t e d  t h a t  t h e r e  may be r a p i d  p r o t e i n  
b r e a k d o w n  and t u r n o v e r  I n  p l a n t s  as  a r e s u l t  o f  c h a n g i n g
p l a n t  p h y s i o l o g i c a l  c o n d i t i o n s .  T h i s  s u g g e s t s  t h a t  e v e n  
t h o u g h  e x c e s s  m e t a l  may be h e l d  f i r m l y  w i t h i n  t h e  p r o t e i n  
s t r u c t u r e ,  , I t  c an  be q u i c k l y  made a v a i l a b l e  when r e q u i r e d  by 
t h e  p l a n t .  I t  seemed u n l i k e l y  t h a t  t h e  p r o t e i n  t h a t  s t o r e d  
t h e  e x c e s s  m e t a l  was s p e c i f i c a l l y  s y n t h e s i z e d  f o r  t h i s  
p u r p o s e  s i n c e  c h a n g i n g  t h e  Zn o r  Cu c o n c e n t r a t i o n  i n  t h e  
e x t e r n a l  s o l u t i o n  had l i t t l e  e f f e c t  on p r o t e i n  q u a n t i t y  I n  
s e e d l i n g s  ( P a p e r  2 ) .  I t  seemed l i k e l y  t h a t  t h e  f r a c t i o n s  
e x t r a c t e d  f r o m  s e e d l i n g  t i s s u e  w i t h  w a t e r  o r  t r i - c h l o r o  
a c e t i c  a c i d  c o n t a i n e d  t h e  p r o t e i n  w h i c h  s t o r e d  t h e  e x c e s s  
m e t a l  ( P a p e r  2 ) .
These r e s u l t s  p r o v i d e d  s u b s t a n t i a l  p r e l i m i n a r y  
e v i d e n c e  f o r  a r o o t - p r o t e i n  m e t a l  s t o r a g e  s y s t e m .  H o w e v e r ,  
some f u r t h e r  w o r k  i s  n e c e s s a r y  t o  c o n f i r m  and e x p a n d  on  t h e s e  
f i n d i n g s .  F i r s t l y ,  s u p p o r t  f o r  t h e  me ch an i sm  w o u l d  be 
c o n s i d e r a b l y  i n c r e a s e d  I f  i t  c o u l d  be shown t h a t  s p e c i f i c  
t i s s u e s  c o n t a i n  t h e  s t o r e d  m e t a l , .  S m i t h  ( 1 9 5 3 )  showed t h a t  
b o t h  Cu and Zn a c c u m u l a t e d  i n  t h e  h y p o d e r m i s  and p a r t i c u l a r l y  
t h e  e n d o d e r m i s  o f  r o o t s  o f  s w e e t  o r a n g e  s e e d l i n g s  when t h e s e  
had been s u p p l i e d  w i t h  1Oppm o f  t h e s e  e l e m e n t s  f o r  o n e  h o u r .  
S u b s t a n t i a l ,  b u t  t o t a l l y  u n s u c c e s s f u l ,  a t t e m p t s  w e r e  made 
h e r e  t o  f i n d  w h a t  t i s s u e s  s t o r e d  Zn and  Cu i n  r o o t s  o f  
P.  r a d  ? a t a  s e e d l i n g s .  A t  f i r s t ,  c h e m i c a l  s t a i n s  s p e c i f i c  f o r  
t h e s e  m e t a l s  w e r e  t e s t e d .  R o o t  s e g m e n t s  o f  s e e d l i n g s  g r o wn  
f o r  s e v e r a l  weeks  i n  n u t r i e n t  s o l u t i o n s  w i t h  e x c e s s  Zn o r  Cu 
w e r e  f i x e d ,  d e h y d r a t e d  and moun t ed  i n  g l y c o l  m e t h a c r y l a t e  by  
t h e  t e c h n i q u e  o f  F e d e r  and O ' B r i e n  ( 1 9 6 8 )  b e f o r e  s e c t i o n i n g .  
F o r  Zn ,  Mayer  e t  a l ' s  Z n - d i t h l z o n e  s t a i n i n g  t e c h n i q u e  was
u s e d  (McManus and  M a v r y .  I 9 6 0 )  and f o r  Cu f M a l l o r y  and 
P a r k i n ' s  h a e m a t o x y l l n  s t a i n  was t e s t e d  ( G l l c k  1 9 4 9 ) .  No 
m e a n i n g f u l  s t a i n i n g  o c c u r r e d  w i t h  e i t h e r  s t a i n .  Nor  was 
t h e r e  any  r e s u l t  when f r o z e n  s e c t i o n s ,  p r e p a r e d  by t h e  me thod  
o f  Knox  ( 1 9 7 0 )  and c u t  on  a f r e e z i n g  m i c r o t o m e ,  w e r e  used  
i n s t e a d  o f  t h e  g l y c o l  m e t h a c r y l a t e  m oun t ed  s e c t i o n s .
A f t e r  t h e s e  u n s u c c e s s f u l  a t t e m p t s ,  s e c t i o n s  w e r e  
p r e p a r e d  f o r  m e t a l  a s s a y  w i t h  an X - r a y  m i c r o - p r o b e  I n  a 
C a m b r i d g e  s c a n n i n g  e l e c t r o n  m i c r o s c o p e .  To I m p r o v e  t h e  
c o n t r a s t  I n  t h e  m i c r o s c o p e ,  a t t e m p t s  w e r e  made t o  e t c h  t h e  
g l y c o l  m e t h a c r y l a t e  away f r o m  t h e  s e c t i o n s  ( lyum t h i c k )  u s i n g  
a s a t u r a t e d  s o l u t i o n  o f  NaOH i n  e t h a n o l  ( T h u r l e y  and  Mouel  
1 9 7 4 ) .  T h i s  p r o v e d  u n s u c c e s s f u l ,  b u t  when S p u r r ' s  ( I 9 6 0 )  
medium r e p l a c e d  t h e  g l y c o l  m e t h a c r y l a t e ,  t h o r o u g h  e t c h i n g  was 
a c h i e v e d .  N e v e r t h e l e s s ,  t h e  X - r a y  p r o b e  was u n a b l e  t o  d e t e c t  
a p p r e c i a b l e  q u a n t i t i e s  o f  Cu,  Zn ,  Mn o r  Fe i n  t h e  s e c t i o n s .  
Even when a f r e s h l y ,  c u t  p i e c e ,  o f  r o o t  was p l a c e d  on  t h e  
m i c r o s c o p e  s t a g e ,  no a p p r e c i a b l e  q u a n t i t i e s  o f  h e a v y  m e t a l s  
c o u l d  be d e t e c t e d .  F u r t h e r  w o r k ,  p e r h a p s  w i t h  o t h e r  m e t a l  
s t a i n s  w o u l d  seem w o r t h w h i l e  t o  p u r s u e  t h i s  m a t t e r .
F u r t h e r  w o r k  I s  a l s o  n e c e s s a r y  t o  v e r i f y  t h a t  
e x c e s s  m e t a l s  a r e  h e l d  i n  a s s o c i a t i o n  w i t h  p r o t e i n .  T h i s  
w o u l d  n e c e s s i t a t e  p u r i f i c a t i o n  o f  t h e  . p r o t e i n  i n v o l v e d  and 
t e s t s  t o  d e t e r m i n e  t h a t  t h e s e  m e t a l s  may be r e a d i l y  i n c l u d e d
i n  i t s  s t r u e t u r e
R e l e a s e  o f  m e t a l s  f r o m  r o o t s  and  t r a n s p o r t  t o  s h o o t s
The s e c o n d  s i t e  f o r  c o n t r o l  o f  I o n  u p t a k e  by  p l a n t s  
i s  a t  t h e  e n d o d e r m a l  b a r r i e r  I n  t h e  r o o t  ( p  1 0 7 ) .  I t  has 
been p r o p o s e d  t h a t  t h e  x y l e m  p a r e n c h y m a  c e l l s  w h i c h  a r e  r i c h  
I n  c y t o p l a s m  and  m i t o c h o n d r i a  may be t h e  c e l l s  w h i c h  a c t i v e l y  
s e c r e t e  I o n s  I n t o  t h e  x y l e m  s t r e a m  ( L a u c h l l  e t  a l  197 1 ,  
1 9 7 4 ) .  I n  t h i s  w o r k ,  t h e  r a t e s  a t  w h i c h  Cu,  Zn,  Mn and Fe 
moved f r o m  r o o t s  t o  s h o o t s  c o r r e l a t e d  v e r y ,  h i g h l y  ( P a p e r  4)  
o r  m o d e r a t e l y  ( P a p e r  5) as l o n g  as m e t a l  s u p p l y  i n  t h e  n u t ­
r i e n t  s o l u t i o n  was a d e q u a t e .  T h i s  s u p p o r t s  t h e  s u g g e s t i o n  
t h a t  t h e  mec han i sms  c o n t r o l l i n g  r e l e a s e  o f  m e t a l s  t o  t h e  
x y l e m  a r e  r e l a t e d ,  j u s t  as t h e y  w e r e  f o r  m e t a l  u p t a k e  a t  t h e  
r o o t  s u r f a c e .  I t  I s  t h o u g h t  t h a t  t h e  a c t i v e  t r a n s p o r t  
m e c ha n i sm s  a t  t h e  e n d o d e r m ! s a r e  t h e  same as  t h o s e  a t  t h e  
e p i d e r m i s  ( D u n l o p  1 9 7 4 ) .  I t  has  g e n e r a l l y  b e e n  assumed t h a t  
t h e  a c t i v e  p r o c e s s e s  o p e r a t e  f r o m  w i t h i n  t h e  c e l l  t o  t h e  
x y l e m ,  b u t  D u n l o p  ( 1 9 7 4 )  s u g g e s t e d  t h a t  t h e  p r o c e s s  m i g h t  a c t  
i n  t h e  r e v e r s e  d i r e c t i o n .  The d i r e c t i o n  o f  a c t i v e  t r a n s p o r t  
a t  t h e  e p i d e r m i s  has  a l s o  been  q u e s t i o n e d  by 
H i g i n b o t h a m  e t  a l  ( 1 9 6 7 )  who s u g g e s t e d  t h a t  f o r  some c a t i o n s  
a c t i v e  t r a n s p o r t  may o p e r a t e  f r o m  w i t h i n  t h e  c e l l  t o  t h e  
o u t s i d e  r a t h e r  t h a n  t h e  r e v e r s e .  I n  e i t h e r  c a s e ,  p a s s i v e  I o n  
movement  may. ,  o c c u r  i n  t h e  o p p o s i t e  d i r e c t i o n  ( D u n l o p  1 9 7 4 ) .  
The d i r e c t i o n  o f  t h e  a c t i v e  s t e p s  c o n t r o l l i n g  i o n  t r a n s p o r t  
I n  p l a n t s  w o u l d  n o t  a l t e r  t h e  a r g u m e n t s  s u g g e s t i n g  t h a t  t h e  
t r a n s p o r t  mechan i sms  may be r e l a t e d  f o r  t h e  d i f f e r e n t  m e t a l s .
As w i t h  u p t a k e  by  r o o t s ,  t h e r e  was v e r y  l i t t l e
s u g g e s t i o n  o f  s u b s t a n t i a l  c o m p e t i t i o n  b e t w e e n  t h e  i o n "  
c o n s i d e r e d  h e r e  f o r  t r a n s p o r t  t o  s h o o t s  ( P a p e r s  1 , 2 )  ever  
when m e t a l s  we r e  i n  a b o v e  s u f f i c i e n t  s u p p l y .  T h i s  a g a i r  
c o n t r a v e n e s  c u r r e n t  t h e o r i e s  f o r  a c t i v e  i o n  t r a n s p o r t  
mechan i  sms.  .
Once I n  t h e  x y l e m ,  n u t r i e n t  I o n s  move p a s s i v e l y  up 
t h e  s tem i n  a s s o c i a t i o n  w i t h  t h e  t r a n s p i r a t i o n  s t r e a m .  Ö f t e r  
t h e  r a t e s  o f  i o n  movement  and r a t e  o f  w a t e r  f l o w  have  beer  
c l o s e l y  c o r r e l a t e d .  The c o n t r o v e r s y  s u r r o u n d i n g  t h *  
i n t e r p r e t a t i o n  o f  t h e s e  o b s e r v a t i o n s  was d i s c u s s e d  i n  P a p e r  i 
( p  1 0 8 , 1 3 6 ) .  The r e s u l t s  o f  P a p e r  4 showed no s i g n i f i c a n t  
c o r r e l a t i o n s  r e l a t i n g  r a t e  o f  Cu,  Zn ,  Mn o r  Fe movement  tc 
s h o o t s  and t r a n s p I  r a t i o n .  I t  was s u g g e s t e d  ( p  137)  t h a t  a t  
l e a s t  Cu,  Zn and Mn may move up t h e  x y l e m  by  a s e r i e s  o f  
e x c h a n g e  r e a c t i o n s  w i t h  e x c h a n g e  s i t e s  on t h e  w a l l s  o f  t h e  
x y l e m .  T h i s  has been  o b s e r v e d  e l s e w h e r e  w i t h  Ca,  Sr  and Zn.  
Fe ,  on  t h e  o t h e r  h a n d ,  b e c a u s e  I t  i s  r e a d i l y  o x i d i s e d  f r o m  
F e 2+ t o  F e 3+ and t h e  h y d r o x i d e  o f  t h e  t r i v a l e n t  f o r m  I s  
h i g h l y  i n s o l u b l e ,  i s  g e n e r a l l y  f o u n d  c h e l a t e d  w i t h  o r g a n i c  
s u b s t a n c e s  i n  t h e  x y l e m .  The a v a i l a b i l i t y  and  e l e c t r i c a l  
p r o p e r t i e s  o f  c h e l a t e s  may a f f e c t  t h e  t r a n s p o r t  o f  Fe i n  t h e  
x y l e m  s t r e a m  and p r e v e n t  c o r r e l a t i o n  w i t h  t h e  r a t e  o f  f l o w  o f  
t h e  t r a n s p I  r a t i o n  s t r e a m .  The p r o b l e m  o f  i n t e r p r e t a t i o n  o f  
t h e s e  r e s u l t s  i n  l o n g  t e r m  e x p e r i m e n t s  was a l s o  d i s c u s s e d  
( p  1 3 6 ) .
The f a t e  o f  i n o r g a n i c  i o n s  on r e a c h i n g  t h e  l e a v e s  
d ep e n d s  l a r g e l y  on  t h e i r  m e t a b o l i c  f u n c t i o n .  T h u s ,  Cu and Fe
f o r  e x a m p l e *  b o t h  o f  w h i c h  hav e  r o l e s  I n  p h o t o s y n t h e s I s ,  ma} 
be l o c a l i s e d  i n  c h 1o r o p 1 a s t s .  P o s s i b l e  c o n t r o l  m ec ha n i s ms  
f o r  t h e  d i s t r i b u t i o n  o f  I o n s  t o  t h e  v a r i o u s  p a r t s  o f  t h e  
p l a n t  c r o w n  a r e  d i s c u s s e d  b r i e f l y  i n  t h e  f i n a l  s e c t i o n  o f  
t h e s e  c o n c l u s i o n s .
Heavy  m e t a l  m e t a b o l i s m  i n  t h e  p l a n t
D i s c u s s i o n  t o  t h i s  p o i n t  has  been  c o n c e r n e d  w i t h  
t h e  e n t r y  o f  h e a v y  m e t a l s  i n t o  p l a n t s  and t h e  c o n t r o l  o f  
t h e i r  d i s t r i b u t i o n  b e t w e e n  r o o t s  and s h o o t s .  These  m a t t e r s  
w e r e  t h e  m a j o r  c o n s i d e r a t i o n s  o f  t h i s . w o r k .  B u t  I n e v i t a b l y ,  
as t h e y  w e r e  . p u r s u e d ,  some . o b s e r v a t i o n s  w e r e  made o f  t h e  
m e t a b o l i c  e f f e c t s  o f  t h e  m e t a l s .  The d i s c u s s i o n  h e r e  w i l l  
b r i e f l y  r e v i e w  t h e  b i o c h e m i c a l  r o l e s  o f  h e a v y  m e t a l s  i n  
p l a n t s  and r e l a t e  t h e  few r e l e v a n t  o b s e r v a t i o n s  made I n  t h e s e  
e x p e r i m e n t s  t o  t h e s e  r o l e s .
The e s s e n t i a l i t y  o f  a g r o u p  o f  m i n e r a l  e l e m e n t s  f o r  
t h e  g r o w t h  and c o m p l e t i o n  o f  t h e  l i f e  c y c l e s  o f  h i g h e r  p l a n t s  
i s  bey o nd  d o u b t .  H e w i t t  ( 1 9 6 3 )  has  c o n c l u d e d  t h a t  N, P,  K, 
Ca,  Mg,  S,  Cu,  Z n ,  Mn, Fe ,  Mo, B,  Cl a r e  e s s e n t i a l  t o  h i g h e r  
p l a n t s ,  w h i l e  Na,  Co,  Se,  A l ,  Ge, F may be b e n e f i c i a l  t o  
g r o w t h  b u t  n o t  e s s e n t i a l .  P r i c e  ( 1 9 7 0 )  and Nason  and McE1r o y  
( 1 9 6 3 )  add V t o  t h e  l i s t  o f  e s s e n t i a l  e l e m e n t s .  Ma rk ed  
g r o w t h  r e d u c t i o n s  w i t h  Zn and Cu d e f i c i e n c y ,  and symptoms  o f  
Zn d e f i c i e n c y  s i m i l a r  t o  t h o s e  r e p o r t e d  e l s e w h e r e  ( S m i t h  and 
B a y l i s s  1 9 4 2 ) ,  w e r e  o b s e r v e d  i n  t h i s  w o r k  ( F r o n t p i e c e ,  
P a p e r  1 ) .  C r i t i c a l  l e v e l s  r e q u i r e d  f o r  maximum g r o w t h  o f
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s e e d l i n g s  b o t h  I n  t h e  n u t r i e n t  s o l u t i o n  and I n  r o o t s  an« 
s h o o t s  w e r e  d e t e r m i n e d .  The r e s u l t s  a g r e e d  g e n e r a l l y  w i t h  
d a t a  f o r  o t h e r  c o n i f e r s  -  no s i m i l a r  d a t a  f o r  P.  r a d i a t a  
s e e d l i n g s  a t  an e a r l y  age c o u l d  be l o c a t e d .
F o r  t h e  e s s e n t i a l  m i c r o n u t r i e n t s  ( C u ,  Zn,  Mn, F e f 
Mo,  B,  C l ,  V ) ,  t h e  m a j o r  r o l e  I n  p l a n t  m e t a b o l i s m  seems t o  be 
as c o - f a c t o r s  o r  a c t i v a t o r s  i n  enzyme s y s t e m s ,  a l t h o u g h  nc 
d i r e c t  e v i d e n c e  e x i s t s  f o r  t h i s  I n  t h e  c a s e s  o f  B and Cl  
( N as on  and  M c E l r o y  1 9 6 3 ) .  Nason and  M c E l r o y  have b r o a d l y  
r e v i e w e d  t h e  t o p i c  o f  m i c r o n u t r i e n t  m e t a b o l i s m ,  and t h e i r  
r e v i e w  f o r m s  t h e  b a s i s  o f  t h e  d i s c u s s i o n  b e l o w .
Two g r o u p s  o f  enzymes w h i c h  r e q u i r e  h e a v y  m e t a l '  
f o r  t h e i r  a c t i v i t y  can  be r e c o g n i s e d .  I n  t h e  f i r s t  g r o u p ,  
t h e  p r o t e i n  c o n t a i n s  a s p e c i f i c  m e t a l  as  an I n t e g r a l  
c o m p o n e n t  o f  i t s  s t r u c t u r e .  M e t a l s  bound  I n  t h i s  way may 
a l t e r  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  t h e  p r o t e i n .  T h i s  may,  i n  
t u r n ,  a l t e r  t h e  a b i l i t y  o f  an enzyme t o  b i n d  t o  i t s  s u b s t r a t e  
o r  i t s  a c t i v i t y  u n d e r  d i f f e r e n t  e n v i r o n m e n t a l  c o n d i t i o n s ,  
e . g .  w i t h  c h a n g e s  I n  pH.  These m e t a l s  may a l s o  be i m p o r t a n t  
i n  m a i n t a i n i n g  t h e  p h y s i c a l  s t r u c t u r e  o f  p r o t e i n s .  Thus  Zn 
m a i n t a i n s  t h e  q u a t e r n a r y  s t r u c t u r e  o f  a l c o h o l  d e h y d r o g e n a s e  
i n  y e a s t  ( K o g i  and  V a l l e e  I 9 6 0 ) .  I t  has  a l s o  been s u g g e s t e d  
t h a t  t h e  c o n f o r m a t i o n  o f  n u c l e i c  a c i d s  may be s t a b i l i z e d  by 
h e a v y  m e t a l s  w h i c h  a r e  commo n l y  f o u n d  i n  n u c l e i c  a c i d  
i s o l a t e s  ( Wa c ke r  and  V a l l e e  1959 ,  Fuwa e t  a l  1 9 6 0 ) .  Of  t h e  
h e a v y  m e t a l s ,  Zn ,  Cu,  Fe and Mo a r e  a l l  c o - f a c t o r s  t o  t h i s  
g r o u p  o f  e nz y mes .  The s e c o n d  enzyme g r o u p  u s e s  m e t a l s  as
a c t i v a t o r s  t o  I n c r e a s e  c a t a l y t i c  a c t i v i t y .  The m e t a l  may 
s e r v e  as a b r i d g e  b e t w e e n  t h e  p r o t e i n  and I t s  s u b s t r a t e  o r  I t  
may s t a b i l i z e  t h e  s t r u c t u r e  o f  an I n t e r m e d i a t e  , i n  t h e  
p r o t e l n - s u b s t r a t e  r e a c t i o n .  Mn,  V and p o s s i b l y  B a r e  t h o u g h t  
t o  a c t  I n  t h i s  way .  Some b r i e f  n o t e s  on t h e  s p e c i f i c  r o l e s  
o f  t h e  f o u r  m e t a l s  e x a m i n e d  I n  t h i s  s t u d y  ( C u ,  Zn,  Mn,  Fe)  
a r e  g i v e n  b e l o w .
The m a j o r  g r o u p s  o f  enzymes  w i t h  w h i c h  Cu I s  
I n v o l v e d  a r e  t h e  p h e n o l a s e s ,  l a c c a s e  and  o x i d a s e s  ( N a s o n  and 
M c E l r o y  1963 ,  H i l l  1973)  and I s  p a r t i c u l a r l y  I n v o l v e d  w i t h  
p h o t o s y n t h e s i s  ( H i l l  1973 ,  C e d e n o - M a 1don ad o  e t  a l  1972)  
p r o b a b l y  I n  t h e  e l e c t r o n  t r a n s p o r t  p r o c e s s  ( K a t o  and T a k a m i y a  
1961)«  much l e a f  Cu I s  f o u n d  a s s o c i a t e d  w i t h  c h l o r o p l a s t s  
( N e l s h  1 93 9 ,  K a t o  e t  a l  1 9 6 1 ) .  A s u b s t a n t i a l  p h o t o s y n t h e t i c  
r o l e  f o r  Cu w o u l d  i m p l y  a h i g h e r . l e a f  Cu r e q u i r e m e n t  t h a n  
r o o t ,  c o n t r a r y  t o  t h e  c o n c l u s i o n s  o f  P a p e r  1 w h e r e  r o o t s  
r e q u i r e d  a h i g h e r  Cu c o n c e n t r a t i o n  t h a n . s h o o t s  f o r  maxi  mum 
g r o w t h .  D o u b t s  as  t o  t h e  I n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s  
w e r e  d i s c u s s e d  ( p  4 3 ) .  Cu may a l s o  ha ve  a r o l e  I n  
c h l o r o p h y l l  f o r m a t i o n  ( N a s o n  and M c E l r o y  1 9 6 3 ) -  No e v i d e n c e  
f o r  t h i s  was f o u n d  I n  t h i s  s t u d y  w h e re  Cu d e f i c i e n c y  had no 
e f f e c t  on p h o t o s y n t h e t i c  p i g m e n t  l e v e l s  ( P a p e r  1 ) .
The r o l e  o f  Zn as  a c o - f a c t o r  t o  enz y mes  i n  1AA 
s y n t h e s i s  and d e g r a d a t i o n  has  a l r e a d y  been  d i s c u s s e d  
( P a p e r  5 ) .  Zn a l s o  a p p e a r s  t o  a c t  as  a c o - f a c t o r  t o  a 
p h o s p h a t e  t r a n s f e r r i n g  enzyme ( N a s on  and M c E l r o y  1963)  and 
t h e  e f f e c t s  Zn d e f i c i e n c y  may t h e r e f o r e  hav e  on p r o t e i n
s y n t h e s i s  w e r e  d i s c u s s e d  ( p  7 7 ) .  O t h e r  e nz y m e s ,  n o t a b l y  
d e h y d r o g e n a s e s  and c a r b o n i c  a n h y d r a s e ,  a r e  Zn r e q u i r i n g  
enzymes  ( P r i c e  1970 ,  Nason  and M c E l r o y  1 9 6 3 ) .  Zn d e f i c i e n c y  
r e d u c e d  s y n t h e s i s  o f  p h o t o s y n t h e t i c  p i g m e n t s  I n  t h i s ,  w o r k ,  
b u t  I t  was c o n c l u d e d  t h a t  t h i s  was a s e c o n d a r y  e f f e c t  o f  t h e  
d e f i c i e n c y  ( P a p e r  1 ) .  - .
The t e r m i n a l  r e s p i r a t o r y  c h a i n  w h i c h  t r a n s f e r s  
e l e c t r o n s  f r o m  s u b s t r a t e s  t o  o x y g e n  I s  m e d i a t e d  by  t h e  c y t o ­
c h r o m e s  w h i c h  c o n t a i n  F e - p o r p h y r l n  m o i e t i e s  and I n v o l v e s  t h e  
o x i d a t i o n - r e d u c t i o n  o f  Fe and Fe ( N a s o n  and M c E l r o y  
1 9 6 3 ) .  . T h i s  I s  p e r h a p s  t h e  mos t  i m p o r t a n t  r o l e  o f  Fe I n  
p l a n t s .  Fe a l s o  a p p e a r s  t o  be i m p o r t a n t  I n  t h e  s t r u c t u r a l  
d e v e l o p m e n t  o f  c h l o r o p l a s t s  ( P r i c e  1 9 6 8 , 1 9 7 0 )  A summary o f  
t h e  n um e r o u s  m e t a b o l i c  l e s i o n s  o f  Fe d e f i c i e n c y  and  t h e  
s u b s t a n c e s  w i t h  w h i c h  Fe I s  a s s o c i a t e d  I n  t h e  p l a n t  I s  g i v e n  
by Pr  I c e  ( 1 9 6 8 ) .
As m e n t i o n e d  a b o v e ,  Mn does  n o t  f o r m  p a r t  o f  t h e  
s t r u c t u r e  o f  M n - r e q u l r i n g  e n z y m e s ,  • b u t  a c t s  r a t h e r  as  an 
a c t i v a t o r  t o  g r e a t l y  I n c r e a s e  t h e i r  c a t a l y t i c  a c t i v i t y .  
Nason and M c E l r o y  ( 1 9 6 3 )  g i v e  a l o n g  l i s t  o f  enzymes  w h i c h  
a r e  a c t i v a t e d  by Mn,  many o f  w h i c h  have  been  f o u n d  I n  h i g h e r  
p l a n t s .  These  c o v e r  a b r o a d  r a n g e  o f  p l a n t  m e t a b o l i c  
a c t i v i t i e s .  . B ec au s e  t h e r e  i s  no s p e c i f i c  s t r u c t u r a l  
r e q u i r e m e n t  f o r  Mn I n  e nz y m e s ,  I t  c an  o f t e n  be r e p l a c e d  by 
o t h e r  m e t a l s  ( n o t a b l y  Mg) w h i c h  h av e  s i m i l a r  e f f e c t s  on t h e  
c a t a l y t i c  a c t i v i t y  o f  t h e  enz ymes . .  Mn d e f i c i e n c y  o f t e n  l e a d s  
t o  a s e v e r e  r e d u c t i o n  I n  r a t e  o f  p h o t o s y n t h e s i s  a l t h o u g h
C h l o r o p h y l l  l e v e l s  a r e  u n a f f e c t e d ;  t h e  m e ch an i s m  o f  t h i s  
e f f e c t  i s  unk n own .  A r o l e  f o r  Mn I n  c a t a l y z i n g  t h e  o x i d a t i v e  
d e c a r b o x y  1 a t i o n  o f  IAA has  been  w e l l  e s t a b l i s h e d  ( M a c L a c h l a n  
and Waygood 1956,  Waygood e t  a l  1 9 5 6 ) .  I t  seems s u r p r i s i n g  
t h e n  t h a t  Skoog ( 1 9 ^ 0 )  ( s e e  p 160)  o b s e r v e d  no e f f e c t  o f  Mn 
d e f i c i e n c y  on IAA l e v e l s  i n  t o m a t o  u n t i l  a f t e r  t h e  p l a n t  
m e t a b o l i s m  had been s e v e r e l y  a f f e c t e d .
Some s p e c i f i c  m e t a b o l i c  p r o c e s s e s  w h i c h  may have  
been  a f f e c t e d  by  h e a v y  m e t a l s  we re  b r i e f l y  s t u d i e d  i n  t h i s  
w o r k .  O b s e r v a t i o n s  w e r e  made o f  t h e  e f f e c t s  o f  Zn and Cu 
d e f i c i e n c i e s  on N c ompounds  I n  s e e d l i n g s  ( P a p e r  2 ) .  T h e r e  
was g e n e r a l  a g r e e m e n t  w i t h  o t h e r  w o rk  t h a t  t h e s e  d e f i c i e n c i e s  
c a u s e d  some c h a n g e s  I n  p r o t e i n  q u a l i t y  b u t  n o t  t o t a l  
q u a n t i t y .  B o t h  Zn and Cu d e f i c i e n c i e s  i n c r e a s e d  t h e  amoun t  
o f  t o t a l  s o l u b l e  am i no  a c i d s  I n  s h o o t s  a s  h a s . b e e n  o b s e r v e d  
e 1s e w h e r e  . ( S t e I n b e r g  195 6 ,  P o s s l n g h a m  1956)  b u t  n o t  I n  r o o t s .  
A t t e m p t s  w e r e ,  made h e r e  t o  d e t e r m i n e  w h i c h  a m i n o  a c i d s  we re  
a f f e c t e d  by m e t a l  d e f i c i e n c i e s .  ,The c o n s t i t u e n t s  o f  t h e  
w a t e r  s o l u b l e  f r a c t i o n  e x t r a c t e d  f r o m  P.  r a d l a t a  t i s s u e  ( s e e  
P a p e r  3)  w e r e  s e p a r a t e d  by e l e c t r o p h o r e s i s  u s i n g  t h e  method  
o f  Ro thman  . and H i g a  ( 1 9 6 2 )  I n  a pH 2 a c e t I c - f o r  m l c  a c i d  
b u f f e r .  E 1e c t r o p h o r e t o g r a m s  w e r e  d e v e l o p e d  f o r  a m i n o  a c i d s  
w i t h  an 0 . 5%.  n l n h y d r i n  s p r a y .  . . O t h e r  compou nds  i n  t h e  
e x t r a c t s  c o n f u s e d  t h e  s e p a r a t i o n  o f  t h e  a m i n o  a c i d s  and no 
q u a l i t a t i v e  d i f f e r e n c e s  we re  a p p a r e n t .  Two-way  p a p e r  c h r o ­
m a t o g r a m s ,  u s i n g  f i r s t  a b u t a n o l - a c e t I c  a c i d - w a t e r  s o l v e n t  
t h e n  a p h e n o 1- a mm o n i a  s o l v e n t  ( S m i t h  1965)  d i d  n o t  i m p r o v e  
t h e  r e s u l t s .  A t t e m p t s  t o  p u r i f y  t h e  e x t r a c t s  by  p a s s i n g  them
t h r o u g h  an H + e x c h a n g e  c o l u m n  ( D o w e x - 5 0 )  and  e l u t i n g  a m i no  
a c i d s  w i t h  ammonia d i d  n o t  remove,  i n t e r f e r i n g  s u b s t a n c e s  
s u f f i c i e n t l y  t o  a l l o w  any  m e a n i n g f u l  s e p a r a t i o n  o f  a m i n o  
a c i d s .  I t  a p p e a r e d  t h a t  e x t e n s i v e  a n a l y t i c a l  w o r k  w o u l d  be 
n e c e s s a r y  t o  f i n d  s u i t a b l e  p r o c e d u r e s  t o  p u r i f y  P.  r a d l a t a  
e x t r a c t s  t o  a l l o w  a s s a y  o f  I n d i v i d u a l  a m i n o  a c i d s .
Wacker  ( 1 9 6 2 )  w o r k i n g  w i t h  t h e  u n i c e l l u l a r
f l a g e l l a t e  E u g 1ena g r a c I l l s , s u g g e s t s  t h a t ,  t h e  p r i m a r y
»
m e t a b o l i c  l e s i o n  I n  Zn d e f i c i e n c y  i s  t h e  d e r a n g e m e n t  o f  RNA 
s t r u c t u r e  w h i c h  r e q u i r e s  Zn f o r  i t s  m a i n t e n a n c e .  He p r o p o s e s  
t h a t  t h i s  l e a d s  t o  d e c r e a s e d  p r o t e i n  s y n t h e s i s  w h i c h  may t h e n  
c a u s e  a b u i l d  up o f  f r e e  a m i no  a c i d s  s i m i l a r  t o  t h a t  o b s e r v e d  
i n  t h i s  w o r k .  .An a m i no  a c i d  b u i l d  up need  n o t  n e c e s s a r i l y  
s i g n a l  a d e c l i n e  i n  p r o t e i n  s y n t h e s i s .  B o t h  a m i no  a c i d s  and 
p r o t e i n s  may. ,  be s y n t h e s i z e d  o r  d e g r a d e d  I n  a number  o f  
s y s t e m s  a n y  o r  a l l  o f  w h i c h  may be a f f e c t e d  by  Zn d e f i c i e n c y  
i n  t h e  l o n g  o r  s h o r t  t e r m .  A l s o ,  a b u i l d  up o f  a m i no  a c i d s  
I n  b o t h  s h o o t s  and r o o t s  w o u l d  be e x p e c t e d  I f  p r o t e i n  was 
d e g r a d e d ,  n o t  o n l y  i n  s h o o t s  as  o b s e r v e d  h e r e .  Nason  and 
M c E l r o y  ( 1 9 6 3 )  p r o p o s e  r a t h e r  t h a t  Zn may be i n v o l v e d  I n  t h e  
s y n t h e s i s  o f  l a r g e r  and more c o m p l e x  p r o t e i n  m o l e c u l e s  some 
t i m e  a f t e r  t h e  p r i m a r y  s t a g e  o f  p r o t e i n  s y n t h e s i s .  B u t  t h e  
s y n t h e s i s  o f  s m a l l  p r o t e i n s  i s  u n a f f e c t e d  by  t h e  Zn
d e f i c i e n c y .  The l e v e l s  o f  some p r o t e i n s  have  been f o u n d  t o  
I n c r e a s e  i n  Zn d e f i c i e n t  N e u r o s p o r a  ( N a s o n  e t  a l  2951 )  
v e r i f y i n g  t h a t  n o t  a l l  p r o t e i n  s y n t h e s i s  was r e d u c e d  by  Zn 
d e f i c i e n c y .  . T h e r e  seems r e l a t i v e l y  l i t t l e  d i s c u s s i o n  i n  t h e  
l i t e r a t u r e  on t h e  i n t e r p r e t a t i o n  o f  t h e  e f f e c t s  o f  Cu
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d e f i c i e n c y  on . a m l n o  a c i d  l e v e l s  w h i c h  w e re  s i m i l a r  t o  t h o s e  
o b s e r v e d  f o r  Zn .
N e i t h e r  Zn n o r  Cu d e f i c i e n c y  had s i g n i f i c a n t  
e f f e c t s  on  t h e  l e v e l  o f  s o l u b l e  s u g a r s  I n  s h o o t s  o r  r o o t s  
( P a p e r  2 ) .  I t  was s u g g e s t e d  t h a t  t h e  d e f i c i e n c i e s  I n d u c e d  
h e r e  w e r e  n o t  s u f f i c i e n t l y  s e v e r e ,  o r  d i d  n o t  p e r s i s t  l o n g  
e n o u g h ,  t o  r e u d c e  p h o t o s y n t h e s i s  as  m i g h t  u l t i m a t e l y  be 
e x p e c t e d  I n  any  p l a n t  o f  w h i c h  t h e  m e t a b o l i s m  was s e v e r e l y  
d i s t u r b e d .  T h i s  seems e s p e c i a l l y  s u r p r i s i n g  I n  t h e  c a s e  o f  
Cu d e f i c i e n c y ,  as  Cu i s  d i r e c t l y  I n v o l v e d  w i t h  p h o t o s y n t h e s i s  
( s e e  a b o v e ) .  I t  was c o n c l u d e d  I n  P a p e r  2 t h a t  t h e  d e c l i n e  i n  
g r o w t h  r a t e  w i t h  m e t a l  d e f i c i e n c y  was p r i m a r i l y  due t o  
r e d u c e d  a c t i v i t y  o f  m e t a l - r e q u I r I n g  e n zy m es .  The l a t e r  
c o n c l u s i o n s  o f  P a p e r  5 s u g g e s t e d  t h a t ,  f o r  Zn d e f i c i e n c y  a t  
l e a s t ,  g r o w t h  may d e c l i n e ,  a t  l e a s t  I n i t i a l l y ,  due t o  r e d u c e d  
a u x i n  a v a i l a b i l i t y  I n  t h e  p l a n t .
Ho rmona l  c o n t r o l  o f  p l a n t  n u t r i t i o n
The i n v o l v e m e n t  o f  p l a n t  ho r mo ne s  I n  a v a s t  r a n g e  
o f  d i f f e r e n t  a s p e c t s  o f  p l a n t  l i f e  ( T h l m a n n  1963 ,  P r i c e  1970)  
s u g g e s t s  t h a t  p l a n t  n u t r i t i o n  may be ho r mone  c o n t r o l l e d  j u s t  
as much as o t h e r  p h y s i o l o g i c a l  p r o c e s s e s .  Y e t  w o r k  on  t h e  
e f f e c t s  o f  h o r mo ne s  on t h e  c o n t r o l  o f  n u t r i t i o n  has  g a i n e d  
momentum o n l y  i n  t h e  l a s t  f i v e  y e a r s  as t h e  l i t e r a t u r e  
r e v i e w e d  i n  t h e  I n t r o d u c t i o n  t o  P a p e r  5 makes c l e a r .
The m i s c e l l a n y  o f  e f f e c t s  t h a t  p l a n t  h o r mo ne s
p r o d u c e ,  and o u r  c o n t i n u i n g  l a c k  o f  u n d e r s t a n d i n g  o f  t h e i r  
mechan i s m o f  a c t i o n ,  makes t h e  i n t e r p r e t a t i o n  o f  a ny  r e s u l t  
i n  t h e  l i g h t  . o f  an o v e r a l l  t h e o r y  o f  hormone a c t i o n  
i m p o s s i b l e  ( Th i mann .  1 9 6 3 ) *  . T h i s  p r o b l e m  o c c u r r e d  i n  
i n t e r p r e t i n g  t h e  r e s u l t s  o f  P a p e r  5 w h e re  a h y p o t h e s i s  f o r  a 
c o n t r o l  mechan i s m o f  Zn n u t r i t i o n  b y  t h e  p l a n t  was p r o p o s e d .  
T h i s  h y p o t h e s i s  was bas e d  on  o b s e r v a t i o n s  f r o m  o t h e r  w o rk  
t h a t  Zn d e f i c i e n c y  r e d u c e s  t h e  r a t e  o f  a u x i n  s y n t h e s i s  I n  t h e  
p l a n t  and i n c r e a s e s  I t s  r a t e  o f  b r e a k d o w n .  T h i s  t h e n  r e d u c e s  
a u x i n  s t i m u l a t e d  g r o w t h  so t h a t  t h e  p l a n t  does  n o t  g r ow  
v i g o r o u s l y  when an e s s e n t i a l  e l e m e n t  I s  d e f i c i e n t .  The 
r e s u l t s  o f  t h i s  w o r k  s u g g e s t e d  t h a t ,  i n  a d d i t i o n ,  t h e  r o o t  Zn 
u p t a k e  mec han i sm i s  s t i m u l a t e d  by  t h e  r e d u c e d  a u x i n  l e v e l  so 
t h e  p l a n t  has  max I mum a b i 1 I t y  t o  a b s o r b  a n y  Zn a v a i l a b l e  I n  
t h e  e x t e r n a l  s o l u t i o n .  How s u c h  a s y s t e m  f i t s  i n t o  t h e  
o v e r a l l  s y s t e m  o f  p l a n t  m e t a b o l i s m  I s  n o t  known.
E f f e c t s  o f  I A A ,  GA and ABA on  Cu and Mn t r a n s p o r t  
t o  s h o o t s ,  as w e l 1 as t h e  e f f e c t s  on  Zn u p t a k e  by  r o o t s ,  we re  
a l s o  o b s e r v e d  i n  t h i s  w o r k .  D i s c u s s i o n  i n  P a p e r  5 p o i n t e d  
o u t  t h e  d i f f i c u l t y  o f  r e l a t i n g  t h e s e  o b s e r v a t i o n s  t o  t h e  
n a t u r a l  p l a n t  s y s t e m  when ho rmones  a r e  a p p l i e d  e x o g e n o u s l y  t o  
t h e  p l a n t  a t  r e l a t i v e l y  a r b i t r a r y  c o n c e n t r a t i o n s .  J e n k i n s  
( 1 9 7 1 )  and S h e p h e r d  ( 1 9 6 5 )  hav e  o b s e r v e d  a u x i n - ,  
g i  b b e r e  1 1 i n - , c y t o k i n l n -  and i nh i b I t o r - 1 i ke a c t i v i t y  I n  
e x t r a c t s  f r o m  P.  r a d I a t a  t i s s u e ,  so  t h e r e  seems l i t t l e  d o u b t  
t h a t  t h e s e  s u b s t a n c e s  a r e  n o r m a l l y  p r e s e n t  i n  t h i s  s p e c i e s .  
O b s e r v a t i o n  o f  t h e  e f f e c t s  o f  m e t a l  d e f i c i e n c y  on  t h e  
e n d o g e n o u s  l e v e l s  o f  t h e s e  h o r mo ne s  w o u l d  seem t h e  n e x t  s t e p
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I n  p u r s u i n g  t h i s  l i n e  o f  s t u d y  o f  c o n t r o l  o f  p l a n t  n u t r i t i o n .
T h e re  a r e  a number  o f  o t h e r  a r e a s  w h e r e  p l a n t  
ho r mones  m i g h t  have  a r o l e  I n  c o n t r o l  o f  p l a n t  n u t r i t i o n .  
C e r t a i n  t i s s u e s ,  e . g .  . r a p i d l y  g r o w i n g  t i s s u e ,  r e q u i r e  a much 
l a r g e r  s u p p l y  o f  n u t r i e n t s  ( o r g a n i c  and  I n o r g a n i c )  t h a n  o t h e r  
t i s s u e s .  Hormones  m a y .d e t e r m l n e  t o  w h i c h  t i s s u e s  n u t r i e n t s  
c o m i ng  f r o m  r o o t s  a r e  d i r e c t e d .  I n o r g a n i c  n u t r i e n t s  may be 
m o b i l i z e d  f r o m  s e n e s c l n g  l e a v e s  and  t r a n s p o r t e d  e l s e w h e r e  f o r  
u s e :  t h i s  p r o c e s s  t o o  m i g h t  be ho r mone  c o n t r o l l e d .  The 
r e l e a s e  o f  e x c e s s  m e t a l  s t o r e d  I n  r o o t s  f o r  use  by  s h o o t s ,  as 
d i s c u s s e d  e a r l i e r  I n  t h i s  w o r k ,  mus t  a l s o  o c c u r  I n  r e s p o n s e  
t o  a s i g n a l  w h i c h  may be h o r m o n a l .  These  p o s s i b i l i t i e s  o f f e r  
e x t e n s i v e  o p p o r t u n i t i e s  f o r  f u r t h e r  r e s e a r c h .
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